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ABSTRACT
SPECTROSCOPIC STUDffiS OF SHORT/LONG RANGE
ORDERING IN POLYMERS
SEPTEMBER 1997
BERT CHIEN, B.S., UNIVERSITY OF MICHIGAN
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Shaw Ling Hsu
The work presented in this thesis is divided into three chapters. In Chapter 1 a
general overview is presented of short/long range ordering in polymers. Chapter 2 then
discusses the use of vibrational spectroscopy to probe the short range conformational
order present in a series of Langmuir films at the air-water interface. Finally, the use of
vibrational spectroscopy to probe the long range conformational order in a bulk
polymer, poly(p-hydroxybutyrate) is presented in Chapter 3.
Using external reflection infrared spectroscopy, we were able to directly
characterize the structure of series of "hairy-rod" polymers at the air-water interface.
The overall structure of the films were related to the short range conformational order of
long side groups attached to the rigid-rod backbones. The structure of the films were
also studied as a function of surface packing density at the air-water interface by the use
of a Langmuir trough coupled directly to the external reflection infrared spectroscopy
setup.
A Raman active longitudinal acoustic mode capable of probing the long range
conformational order associated with crystalline regions was discovered for the
biodegradable thermoplastic, poly(P-hydroxybutyrate). The dependence of this mode
on the fold length of crystalline lamella was clearly established. The annealing behavior
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1.1 Short Range/Long Range Chain Segmental Order
Given that the macroscopic properties of polymers are often directly related to
their chemical structure and the subsequent levels of microstructural organization,
microstructural characterization at the molecular chain segmental level can often be of both
fundamental and practical importance. Two examples illustrative of this are highly drawn
fibers of polymers such as polyethylene, and ionically conductive polymer electrolytes.
For highly drawn polyethylene fibers, performance is dependent on the length and
perfection of extended chain segments where in the ideal case the modulus along the fiber
axis would correspond with the theoretical modulus of an extended chain. For some
ionically conductive polymer electrolytes, on the other hand, it is not the long range chain
segmental order which is important but instead the short range chain structure that is
important for the conduction mechanism.^-^ In both examples the chain segmental
structure is important in determining macroscopically observed properties, high modulus
in the first case and ionic conductivity in the other. However, both examples are also
illustrative of the different length scales of chain order, long range versus short range
structure, that can be important for different polymer systems. The focus of this work
addresses this issue and involves the microstructural characterization of two systems, one
exhibiting long range order and the other short range order.
\Vibrational spectroscopy is an ideal technique with which to make such studies.
To begin with, vibrational spectroscopy is extremely sensitive to the molecular structure
of polymers. As such, it can provide information on both the long range chain segmental
order present for some systems, e.g. highly ordered systems, as well as the short range
1
chain segmental order in more disordered systems. Orientational order may also be
obtained. Additionally, due to the specificity of bands in the vibrational spectra of a given
system, analysis can often be focused on specific functional groups as well as chain
segments, e.g. main chain versus side groups. Given this type of structural information,
it is also important to point out that vibrational spectroscopy is a versatile technique
capable of characterizing a wide range of samples. Systems can range from polymers in
solution, to bulk polymers to polymer thin films and polymer interfaces. Part of this can
be attributed to the fact that vibrational spectroscopy is adaptable to a number of
experimental geometries. Specific techniques include standard transmission infrared
spectroscopy^ and Raman scattering geometries,^ attenuated total reflection infrared
spectroscopy (ATR),7.8 surface enhanced Raman scattering,^ and external reflection
infrared spectroscopy at air-solid interfaces^-n as well as more recently air-liquid
interfaces. 17
Using vibrational spectroscopy as the primary tool, the two polymer systems
studied were a series of "hairy-rod" polymers (Chapter 2) and a biodegradable
thermoplastic polyester, poly(P-hydroxybutyrate) (Chapter 3). For Langmuir films of
"hairy-rod" polymers, it will be shown that the short range conformational structure of
long linear side groups is important in controlling the overall ordering of the "hairy-rod"
molecules at the air-water interface. A recently designed experimental technique in our
laboratory combining external reflection infrared spectroscopy and a Langmuir trough
was used to study the films directly at the air-water interface. For the biodegradable
thermoplastic polyester, a low frequency Raman technique using longitudinal acoustic
modes is first established as a unique means to directly probe the long range
conformational order associated with poly(p-hydroxybutyrate) chain folded lamella. An
analysis of its chain folded structure and annealing behavior is then presented.
2
1-2 "Hairv-Rod " Langmuir FilmQ
The Langmuir-Blodgett technique has received attention for quite a number of
years since it was first developed and studied in the 1930s.8.i8 This attention has
increased particularly in the last couple decades as the demands for highly ordered
ultrathin films, particularly in the microelectronics and optoelectronics fields, has also
increased. Polymers exhibiting a "hairy-rod" molecular architecture have shown the most
potential for forming well ordered and controllable Langmuir-Blodgett films. 19-29 ^
schematic of a "hairy-rod" polymer is shown in Figure 1.1.
However, a quantitative understanding of the factors which actually control the
quality of these films is far from complete. Although numerous studies have focused on
the characterization of Langmuir-Blodgett films utilizing techniques such as neutron
reflectivity,21.23 x-ray reflectivity,2 1.23 atomic force microscopy ,22,30 transmission
electron microscopy,^i surface plasmon spectroscopy32 and waveguide
spectroscopies,27,28,33 studies of film microstructure directly at the air-water interface
prior to Langmuir-Blodgett deposition have been very rare. This deficiency has greatly
limited advances in Langmuir-Blodgett film technology. For films at the air-water
interface, it is well known that their transferability onto solid substrates is greatly
dependent on their surface packing density and subsequent structure at the air-water
interface.29 A quantitative understanding ofthelriolecular design parameters and surface
packing density of Langmuir films necessary to optimize the quality of transferred
Langmuir-Blodgett films has therefore been difficult to achieve.
For "hairy-rod" polymers in particular, it has been proposed that the transferability
and subsequent quality of such Langmuir and Langmuir-Blodgett films is dictated by the
relative amount of conformational disorder present in the long n-3\ky\ side groups at the
air-water interface. '^'^^'^9 other words, the structure of these films has been predicted
to be dependent on the short range chain segmental structure of the side groups. This,
however, has been impossible to substantiate up until this present study. The reasons for
3
4
this are the inherent difficulties associated with the study of films directly at the air-water
interface. Techniques such as grazing incidence x-ray diffraction,34 x-ray specular
reflectivity ,35 neutron reflectivity36 and fluorescence microscopy37 while suitable for the
study of some types of molecules at the air-water interface are insufficient for the study of
most such films. None provide direct information on the relative amount of
conformational order of polymer films, particularly for films not exhibiting crystalline
order.
Being sensitive to chain segmental conformational structure, whether ordered or





in this way. As a technique, it is capable of probing very small amounts of material,
usually even monolayer films with surface packing densities less than that of a condensed
or close packed monolayer.38.39 Additionally, in our laboratory we have been able to
couple such an external reflection infrared spectroscopy setup with a Langmuir trough. In
Chapter 2 it will be described how the short range structure of n-alkyl side groups for a
series of "hairy-rod" polymers affects the overall ordering of these Langmuir films.
Using this experimental technique, the structure of the films will also be analyzed as a
function of surface packing density at the air-water interface. A brief comparison of their
microstructure at the air-water interface will then be made with studies on the
microstructure of transferred Langmuir-Blodgett films of "hairy-rods" by other research
groups.
1.3 Biodegradable Thermoplastic: Polvfp-hvdroxybutvrate)
As was mentioned previously, vibrational spectroscopy is a technique that is not
only sensitive to short range chain segmental structure. Using longitudinal acoustic ~Kt*\
modes which are present in the Raman spectra of some polymers, one can directly probe
the long range conformational structure of ordered chain segments. Longitudinal acoustic
modes are sensitive to the length of conformationally ordered chain segments,
Specifically, in the ideal case one can explicitly measure the ordered segment length
distribution associated with polymers exhibiting longitudinal acoustic modes. From a
morphological and experimental standpoint, this type of direct structural information on
ordered chain segments provided by this Raman technique is unique from other
experimental techniques presently available and has been especially useful in the study of
crystalline regions (e.g. crystallite size and distribution, chain folding behavior,
annealing) of chain folding semicry stall ine polymers.'*^-'*^
^ However, the primary difficulty associated with longitudinal acoustic modes lies
in the fact that until this study, longitudinal acoustic modes were only found in polymers
exJhibitir^^ Subsequently, although its potential as a unique
morphological tool is great, the actual use of this Raman technique had been limited to a
relatively small number of polymers with polyethylene-like structures. In Chapter 3, it
will then be discussed how a longitudinal acoustic mode is established for the first time in
a polymer, poly(P-hydroxybutyrate), with a structure significantly more complicated that
other polymers previously found to exhibit a longitudinal acoustic mode (Figure 1.2).4(^
This is significant not only from the aspect of better understanding longitudinal acoustic
modes, but also because poly((3-hydroxybutyrate) is biodegradable and of commercial
interest. These Raman studies were carried out in conjunction with small-angle x-ray




(O - CH - CH 2— C)
Figure 1 .2 Chemical structure of poly(P-hydroxybutyrate).
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CHAPTER 2
MICROSTRUCTURE OF "HAIRY-ROD" POLYMER FILMS
AT THE AIR-WATER INTERFACE
2. 1 Introduction
2.1.1 "Traditional" Langmuir-Blodgett Films
The Langmuir-Blodgett technique provides a relatively unique means by which
supramolecular architectures of highly ordered layered assemblies of organic molecules
may potentially be formed. Originally designed as a method to build up layered
assemblies of simple long chain aliphatic carbonic acids and their salts, it was later
extended as a means to produce supramolecular architectures useful for the study of
intermolecular interactions and various photophysical and photochemical processes. ••^ In
those studies Langmuir-Blodgett films served as ordered matrices for probing the
interactions between molecules via photon, electron, and proton transfer. A variety of
other types of more fundamental research utilizing the supramolecular structure of
Langmuir-Blodgett films have also been carried out. Another example is of Langmuir-
Blodgett films of polymerized liposome structures which were studied as models for cell
membranes^ and as potential drug carriers."^
More recendy with the heightened demand for well controlled ultrathin films from
a variety of technologically important fields, Langmuir-Blodgett films have gained new
prominence. Some potential applications that have been envisioned for Langmuir-
Blodgett films include use as waveguides, insulators (e.g. in capacitor-type applications
and as electrically insulating coatings for semiconductor device fabrication),
chemical^iological sensors and membranes, resists for microlithography, for optical
information storage and switches (e.g. using photochromic dyes which can be altered by
10
photochemically induced isomerization), piezoelectric, pyroelectric, and optoelectronic
devices, in photonics, and to control the tribology of surfaces (e.g. in magnetic disks). i-
3,5-8
The general principles of the Langmuir-Blodgett technique are relatively simple. '-2
First, a monolayer film must be spread at the air-water interface of a Langmuir trough.
Such a Langmuir film, as opposed to a transferred film called a Langmuir-Blodgett film,
forms the basic unit of the building-up of the final multilayer film. "Traditional"
Langmuir-Blodgett materials, as are shown schematically in Figure 2.1, derive their
surface activity which allows them to be spread, compressed, and subsequently organized
at the air-water interface, from their amphiphilic character; i.e., they are composed of a
polar head group and a hydrophobic tail and are, in general, water insoluble. Prior to the
actual deposition process, the monolayer at the air-water interface is compressed from the
as-spread state where in general the film may be described as an expanded monolayer, i.e.
large surface areas where the monolayer film resembles a two-dimensional gas. A general
schematic of the various regions associated with a film at the air-water interface is shown
in Figure 2.2. Idealized regions describing two-dimensional "solid", "liquid" and "gas"-
like states are illustrated. It is upon the formation of a condensed monolayer, i.e.
monolayer film resembling a two-dimensional liquid/solid, that the actual deposition step
is usually carried out.
The most common form of Langmuir-Blodgett film deposition, called Y type
deposition, is shown in Figure 2.3.2 this idealized schematic the substrate is
hydrophilic and the first monolayer is transferred as the substrate is raised through the
subphase (b). The substrate may either be placed in the subphase before the monolayer is
spread, or following spreading lowered into the subphase through the compressed
monolayer. As might be expected, the adhesion of the first layer to the substrate is
particularly important for the production of multilayer films. A monolayer is




Figure 2. 1 "Traditional" small molecule amphiphile at the air-water interface.
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Figure 2.2 Schematic illustration of a surface pressure/area isotherm showing the
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Figure 2.3 Langmuir-Blodgett transfer: Y-type deposition.
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transferred layers ideally stack in a head-to-head and tail-to-tail configuration. If the sohd
substrate is hydrophobic a monolayer will be deposited as it is first lowered into the
subphase; thus a Y type film containing an even number of monolayers can be fabricated.
Although films transferring in a Y-like deposition mode are the most common,
monolayers which deposit only as the substrate is being inserted into the subphase or only
as the substrate is being removed have been reported. These deposition modes are
referred to as X type and Z type, respectively. Schematic diagrams for the deposition and
the expected molecular arrangement for the two types of layers in X and Y type deposition
are shown in Figure 2.4. Mixed deposition modes have also been defined where XY
deposition refers to complete transfer of the monolayer as the substrate is being lowered
into the subphase, but only partial transfer as the substrate moves up through the
monolayer-air interface.^
Langmuir-Blodgett film deposition is often characterized by the deposition or
transfer ratio, T, given by
where A^ is the decrease in the area occupied by the monolayer on the water surface held
at a constant surface pressure, and A^ is the coated area of the solid substrate. Another
parameter, p, has also been used to quantify the various deposition modes and is given by
P = \K
where \ and Tj are the deposition ratios on the upward and downward passages,
respectively of the substrate.^
The deposition mechanism of Langmuir films described in Figure 2.3 and 2.4





Figure 2.4 Langmuir-Blodgett transfer: X-type and Z-type deposition.
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detailed mechanism and dynamics by which floating monolayers are transferred onto solid
substrates are much more complex and still poorly understood. Relatively little is known
beyond the crude and idealized Y, X and Z type deposition models. Moreover, films
rarely transfer in the ideal manner discussed previously. Specifically, multilayer films
having the order represented in Figures 2.3 and 2.4 are almost never obtained. As a
result, Langmuir-Blodgett films have had difficulty particularly with respect to practical
applications. In fact, from this technological standpoint, Langmuir-Blodgett films have
not to this point found any practical applications.
In addition to the lack of a quantitative understanding of the transfer process itself,
problems have also been associated with the design of molecules suitable for forming
highly ordered Langmuir-Blodgett films. Traditional amphiphilic molecules, e.g. long
chain fatty acids, have many difficulties.^'io The main problem lies in the inherent
instability of Langmuir-Blodgett films composed of such low molecular weight
amphiphilic molecules. The stability of the layered assemblies of such films is dependent
on the crystallization and packing of the long chain hydrophobic tails. However,
reorganization processes and a lack of temperature stability often lead to a complete
destrucfion of the film structure over extended periods of time. Specifically, the lifetime
of the layered structure which may initially be present rarely exceeds a few days at room
temperature. High temperature stability is limited by the low melting points of most long-
chain hydrocarbon derivatives.
A further complication arises from the grainy texture exhibited by these films
(Figure 2.5). It is believed that upon spreading at the air-water interface, monolayers of
these molecules rapidly form islands of quasi-two-dimensional crystals. Upon
compression, the islands form what can essentially be viewed as a two-dimensional
continuous solid composed of many individual domains. Fluorescence microscopy
studies in fact suggest that a rich variety of lateral structures may exist at the air-water








Figure 2.5 Schematic of two-dimensional "grainy" texture for monolayers composed
of low molecular weight amphiphiles at an air-water interface.
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film, it has been hypothesized that the grainy texture at the air-water interface is distorted
by shear and flow forces introduced by the substrate at the water surface.9-i i As a result,
highly ordered layered assemblies with few defects are difficult to achieve. In addition,
the transport properties of such transferred films are likely to be strongly influenced by
grain boundaries and defects. These grain boundaries in transferred films present a
problem for optical applications such as planar waveguides where losses were found to be
no better than 10 dB/cm due to the scattering of light. Attempts to improve the structural
quality of transferred films of small molecule amphiphiles by annealing expansion-
compression cycles or by heat treatment of the monolayer to produce large single
crystalline monodomains samples have met with limited success.^'i2.i3
The use of polymers to enhance film stability has also been studied.^-io.H
Initially polymerization of monolayers or multilayers of deposited functional monomers
was suggested as a means to produce a stable film while also preserving the layered
structure of the monomers. This technique has had some success but is more complex
and is limited to specific systems. The solid state polymerization of Langmuir-Blodgett
films of diacetylenes by ultraviolet or high energy irradiation or, after doping with
sensitizers, exposure to visible light is one such system. Issues which must be
addressed are internal stresses which are often generated following polymerization.
These stresses can result in films with large cracks or fissures.
As an alternative to the more limited scope of polymerizing preformed layers of
monomers, the spreading and subsequent transfer of amphiphilic polymers using the
Langmuir-Blodgett technique has been investigated extensively in recent years. Here
homopolymers or copolymers composed of long hydrophobic side chains and a
hydrophilic main chain (e.g. poly(octadecyl methacrylate), poly(octadecyl acrylate)) have
commonly been spread to the air-water interface. In most cases transfer is only possible
once the film is compressed to a condensed monolayer state where it is believed the long
hydrophobic side chains form a solid analogue phase similar to the structure small
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molecule amphiphiles form. Problems associated with the formation of a grainy texture
and defects again arise. Moreover, the layered structure initially formed by Langmuir-
Blodgett films of such polymers, i.e. layers of ordered/crystallized side chain segments
alternating with layers of essentially amorphous main chain, is stabilized predominantly
by the ordering/crystallization of the linear side chains. The limits of the thermal stability
are again determined by the melting range of the side chain segments.
Fundamentally, the difficulty associated with the molecular design of amphiphilic
molecules lies in the fact that for a monolayer film to be transferred from the air-water
interface, the monolayer must be compressed. However, compression induces what is
believed to be an ordering of the long hydrophobic groups and the formation of a two-
dimensional polycrystalline texture that is not amenable to the dynamics associated with
the transfer process. On the other hand, the ordering of the long hydrophobic groups
following transfer is what provides for the stability of the films. Due to this problem
between balancing film stability and transferability, amphiphilic molecules have inherent
limitations with respect to forming high quality Langmuir-Blodgett films.
2.1.2 "Hairy-Rod" Polymers
In light of the shortcomings of traditional Langmuir-Blodgett materials (e.g. small
molecule amphiphiles, polymerization of transferred layers of monomers, amphiphilic
polymers) and the idea that the Langmuir-Blodgett method is still a technique with the
potential to produce well defined superstructures of molecules with practical applications,
a newer type of molecular design, "hairy-rod" polymers, was introduced in the late 1980s
(Figure 2.6). The idea was to design molecules that would not only be transferable, i.e.
films amenable to the dynamics associated with transfer, but also stable following
deposition.6.9.10,12,13,16-22 xhe general architecture of "hairy-rod" polymers consists of
a long rigid rod-like backbone decorated with long flexible hydrocarbon side chains.






Figure 2.6 Schematic of a "hairy-rod" polymer composed of liquid-like side groups
and a rigid-rod backbone. The rigid-rods lie flat at the air-water interface.
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molecularly defined skin of solvent-like or liquid-like segments.9,io A film exhibiting
these characteristics at an air-water interface would then address difficulties traditional
Langmuir-Blodgett materials have during transfer. By embedding the rods in a
continuous matrix of flexible liquid-like side groups, it was felt that transferability would
be enhanced, i.e. decreased number of defects and fewer grain boundary effects. As was
mentioned earlier, it has been proposed that the fluid dynamics of a monolayer on the
water surface can greatly affect transfer due to a flow field at the surface during
transfer.' 1 In theory, the liquid-like matrix would impart the rigid-rods with greater
mobility during transfer. The rigid-rods on the other hand would provide structural
stability for such a transferred Langmuir-Blodgett film. Many such "hairy-rod" polymers
have been known to form liquid crystalline phases in the bulk.23-27
Present studies have thus far shown that Langmuir-Blodgett films of polymers
with a "hairy-rod" architecture are much improved over traditional Langmuir-Blodgett
materials. Under certain conditions it has been found that upon transfer "hairy-rod"
polymers can form highly ordered supramolecular structures with relatively few defects.
The quality of these deposited films depend on the molecular surface packing density at
the air-water interface during transfer and the length and number of n-alkyl side groups
attached to the rigid main chain. The stability of transferred films has also been found to
be enhanced relative to other Langmuir-Blodgett materials. The multilayer structures
typically last over a period of at least several months. In addition, transfer ratios can
approach unity at transfer speeds up to several centimeters per minute. This allows for
the rapid build-up of multilayers. Films composed of greater than 1000 layers have been
achieved with surface smoothness' better than 0.6 to 0.8 nm.^-'^ In x-ray and neutron
reflectivity studies it has been shown that such films can form well defined double layers,
shown schematically in Figure 2.7 (i.e. alternating backbone-backbone layer,
hydrocarbon-hydrocarbon side chain layer). '^'-^o In these studies on polyglutamate
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solid substrate
Figure 2.7 Schematic illustration of double layer structure of deposited Langmuir-
Blodgett "hairy-rod" films.
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"hairy-rod" polymers, it was found that although annealing at -80° C causes the backbone
positions to relax slightly, no interlayer diffusion occurs and the double layer structure
continues to persist.
Under the previously mentioned conditions, it has also been found that following
transfer there can be a preferential orientation of the rigid-rods parallel to the dipping
direction of the substrate (Figure 2.8). Any grainy texture which may be present at the
air-water interface is for the most part not present in the transferred film. For "hairy-rod"
Langmuir-Blodgett films of polyglutamates, waveguide mode-loss measurements yielded
values in the range of 2.5-5.5 dB/cm.^'i^.n As was mentioned previously, Langmuir-
Blodgett films of amphiphilic molecules exhibiting the typical grainy texture had losses of
no better than 10 dB/cm. In addition, Brillouin spectra obtained from these oriented
"hairy-rod" Langmuir-Blodgett films have allowed for the evaluation of the tensor
elements of the elastic modulus of the film. These results have shown that C33 (to a good
approximation, Young's modulus measured along the helical axis, i.e. the dipping
direction) has a value of 12.2 GPa whereas C,3 is 4.2 GPa.28 Noting that little is
quantitatively known about the structure of these films directly at the air-water interface, it
has been proposed that the liquid-like character of the long n-alkyl side chains is
responsible for this observed alignment of the rigid-rods. This will be more fully
discussed in the following section.
The design principles for "hairy-rod" polymers are shown in Figure 2.9 with
several specific examples.^-'O jhe first is a polymer based on phthalocyaninato-
polysiloxane (PCPS) as the parent compound. Polymers of this type are substituted with
alkoxy chains at the perimeter of the phthalocyanine moieties represented in the Figure 2.9
as disks. The rigidity of these molecules arises from the complete steric hindrance of any
bending motion by the dense stacking of the disc-like phalocyanine moieties. Cellulose
derivatives also are intrinsically stiff or more exact worm-like macromolecules as a





Figure 2.8 Nematic-like domains at the air-water interface and their preferential
alignment upon deposition using the Langmuir-Blodgett technique. The
rigid-rods lie flat at the air-water interface.
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"Hairy-Rod" Polymers
Figure 2.9 Schematic illustration of several types of "hairy-rod" polymers.
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become soluble in common solvents making them suitable to be spread at an air-water
interface. Polysiloxanes, although not inherently rigid, can be made "hairy-rod"
polymers if the side groups are designed to introduce both steric hindrance with regard to
bending of the main chain and at the same time flexible groups at the outer perimeter of
the molecule. Some other polymers which can also form "hairy-rod" architectures are
polyisocyanates,23,24,29 polyisocyanides,30 phthalocyaninato-polygermoxanes,3i
hemiporphyrazin-polygermoxans32 and poly( 1 ,4-phenylenes).33
However, the "hairy-rod" polymers which have received the most attention
recently as Langmuir-Blodgett materials are n-alkyl side chain substituted
polyglutamates.6-8,10,12,13,17,20-22,28,34-37 Studies in the bulk have shown that these
synthetic polypeptides exist in a stable a-helix conformation even when their side chains
are altered.25-27 xhe rigid-rod character of the a-helices arises from the strong
intermolecular hydrogen bonding between the amide groups of the backbone segments.
Given this rigid backbone, it has also been found that in the bulk state, the properties of
these "hairy-rod" polymers are strongly influenced by n-alkyl side chains. Properties
vary both as a function of side chain length as well as degree substitution. Specifically,
with a sufficient number of long side chains these polymers have been found to form
liquid crystalline phases (cholesteric and columnar hexagonal liquid crystal phases) above
the melting temperature, T^, of the side chains. ^6.27 Although technically described as
thermotropic liquid crystals, these "hairy-rod" polymers can be viewed as being
analogous to lyotropic liquid crystals were the paraffinic side chains essentially serve as a
solvent-like matrix for the rigid-rod backbones. Below the molecules form a structure
composed of interdigitated crystalline side groups sandwiched between layers of peptide
backbones.
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2.1.3 QiirciK Understanding of I .;in gmuirFilni,<;|n,r]„P»
Given the elTecl long
.,-alkyl side chains have in modifying the hulk sti iictuie of
"hairy-rod" polymers, part of the motivation in using these materials at the air-water
iiilerrace was to transfer this control over structure and properties to Langmuir-Blodgett
films. As mentioned previously, the goal was to enhance the transferability and ordering
of the rigid-rods at the air-water interface by controlling the solvvnilliquid-likc c|ualily ol
side groups. However, even though the ciualily ;iiul structure of transferred Langmuir-
Blodgett films of "hairy-rod" polymers have been widely studied using a number of
techniques (e.g. x-ray scattering and reflcctivity,'f'.'7.20 neutron reflectivity, '^'.2(» infrared
spectroscopy,'''' uv-visible spectroscopy,^'-^ atomic force microscopy, transmission
electron microscopy,-^" surface plasmon spectroscopy^'^ and waveguide
spectroscopies"' '2.'^), liulc is quantitatively known about the structure of Langmuir films
at the air-water interlace prior to and during c'eposition. Specifically, little is directly
known about the relationship between the microstructure of a Langmuir film and its
transferability. Moreover, transfer .studies have shown that the cjuality of a transferred
Langmuir-Blodgett film is highly dependent on the .surface packing density of the film at
the air-water interface during transfer. It can be readily inferred that the structure of a
Langmuir film varies with surface packing density. Some structural parameters likely to
affect transfer arc molecular orientation, molecular packing and conformational order.
Presently, much of what has been assumed about the structure of films at the air-water
interface has been drawn from the shape of surface pressure/area isotherms as well as
from films removed from the air-water interface. ''^•2(^-^"''*"-'*'^ For studies on films
removed from the air-water interface, however, transfer indubitably changes the structure
of the l iliTi. A more direct and quantitative understanding of the microstructure of films at
the air-water interface would help in determining the molecular design parameters and
transfer conditions important for making high quality Langmuir-Blodgett l ilms.
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The main difficulty associated with this problem lies in the fact that, relative to
studies on transferred films, obtaining direct structural information of films at the air-
water interface has been difficult. The use of x-ray reflection and scattering
techniques45,46 are limited due to the low scattering volume of the low density films at the
air-water interface. Additionally, although a technique such as grazing incidence x-ray
diffraction has been useful for the study of crystalline monolayers at the air-water
interface (e.g. crystalline structure and tilt of small molecule amphiphiles in particular), it
is less useful for monolayers not exhibiting crystalline order. The use of fluorescence
microscopy on the other hand, aside from providing images of lateral structures does not
provide direct information on the molecular structure of a monolayer.47 UV-visible
spectroscopy has also been used to study the aggregation and orientation of specific
functional groups exhibiting absorption bands in the uv-visible spectra for particular
monolayers at an air-water interface, but is limited to monolayers with such functional
groups.''
Overall, there have essentially been no direct studies on the microstructure of
"hairy-rod" films at the air-water interface. As a result, Langmuir-Blodgett transfer
experiments on these films have proceeded largely in the dark with respect to the film
being transferred. In addition, the formation of highly ordered "hairy-rod" multilayer
films greatly depends, as discussed previously, on the molecular surface packing density
of the film at the air-water interface during transfer and the length and number of n-alkyl
side groups attached to the rigid main chain.
A schematic description of what has been proposed to occur at the air-water
interface for "hairy-rod" polymers during transfer is shown in Figure 2.8 from the
previous secfion, 2.1.2. Inifially when the film is spread at the air-water interface, it is
believed that the rigid-rods form a two-dimensional nematic liquid crystal-like phase
composed of domains of random in-plane orientation. The side chains are presumed to be
flexible and form a continuous liquid-like matrix in which the rigid-rods are dispersed.
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As the film is compressed prior to the deposition process, the domains impinge and a
grainy texture much Hke that described for amphiphilic molecules is the result. During
transfer, however, the liquid-like matrix allows the rigid-rods to flow on the water surface
in a direction parallel to the dipping direction of the substrate. Thus the grainy texture at
the air-water interface is largely eliminated following transfer and the rigid-rods become
preferentially aligned as has been observed. It should again be pointed out that there has
been no direct proof of this proposed behavior of "hairy-rod" films at the air-water
interface.
Thus, as a first step in understanding the actual molecular design parameters and
transfer conditions (i.e. surface packing density of the film at the air-water interface)
important for making Langmuir monolayers with microstructures conducive to forming
highly ordered Langmuir-Blodgett films, the following sections will describe studies on
two types of "hairy-rod" polymers directly at the air-water interface. In particular, the
"hairy-rod" polymers studied were a series of copolyglutamates and a copolyisocyanate.
The technique used to directly characterize these films at the air-water interface was
external reflectance infrared spectroscopy. Having found success in the characterization
of thin films on metallic substrates (e.g. gold), '4.48,49 external reflection infrared
spectroscopy has more recently been used to study films on nonmetallic substrates such
as air-water interfaces.^o-57 addition, the external reflection reflectance infrared
spectroscopy setup in our laboratory has also been coupled with a Langmuir trough.
Thus, the surface area at the air-water interface could be accurately controlled and the
surface tension of films could be measured.
The focus of the research was specifically on the role of «-alkyl side groups as
liquid-like groups and how their liquid-like character may vary as a function of degree
side group substitution and surface packing density at the air-water interface. As was
mentioned previously, the liquid-like character of the side groups at the air-water interface
has been presumed to be an important factor in increasing transferability. There have
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been no direct studies to corroborate this. Questions to be addressed are: how liquid-like
are the long alkyl side groups and do they really serve as a liquid-like matrix for the rigid-
rod main chain at the air-water interface? If so, how might this affect any subsequent
ordering of the rigid-rod backbones? This is especially relevant given the known liquid
crystalline behavior of both types of samples in the bulk.
Some other questions to be addressed are the following: (1) does the orientation
of the side chains change with respect to the plane of the air-water interface as a function
of surface packing density, (2) do the rigid-rods align preferentially during compression
in the trough. Several other studies have indicated that during compression in a Langmuir
trough, "hairy-rod" polymers with their large axial ratio may preferentially align parallel to
the compression barriers. In none of these studies, however, was the degree of alignment
which may have been present at the air-water interface quantitatively determined.
Overall, since transfer of Langmuir films is dependent on their structure at the air-
water interface, a better understanding of that structure and the factors that affect it (e.g.
rigid-rods, side chains, surface packing density etc) would improve the understanding
behind making highly ordered Langmuir-Blodgett films.
2.2 External Reflection Infrared Spectroscopy/Langmuir Trough
The coupling of an external reflection infrared spectroscopy setup with a
Langmuir trough provides a potentially powerful tool for the study of films at air-water
interfaces. By precisely controlling the surface packing density of films spread at the air-
water interface, it is possible with external reflection infrared spectra obtained directly at
the air-water interface to relate structural changes in the film to changes in surface
pressure. Only a few other research groups, however, have coupled these two
techniques.50'53-56 Where this has occurred the specifics of the coupling, which are
important, have often varied. In the following, a description of external reflection
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infrared spectroscopy will be given after which the coupling of the technique with a
Langmuir trough in our laboratory will be discussed.
2.2.1 External Reflection Infrared Spectroscopy: Theory
The use of infrared spectroscopy to study water supported Langmuir monolayers
was originally pioneered by Dluhy .51.52 in principle, the infrared spectrum of a
monolayer contains direct information about molecular orientation, molecular packing as
well as the conformational order of chain segments and thus is a powerful technique for
the study of such systems. A spectrum is obtained by reflecting an infrared beam from an
air/film/substrate interface, measuring the reflected intensity as a function of wavelength,
and ratioing this signal with the reflected intensity as a function of wavelength obtained
from the uncovered substrate. However, although external reflection infrared
spectroscopy has long been successful in the study of thin films on metallic substrates as
was mentioned previously, it has been utilized much less for films at air-water interfaces.
This is due to difficulties associated with the reduced signal level and the complex
boundary conditions governing electromagnetic waves interacting with dielectric surfaces
(e.g. water) that make the details of the experimental geometry (i.e. reflection geometry,
state of polarization) more demanding. In our experiments these difficulties which have
limited some previous studies, have been minimized and in turn high quality spectra have
been obtained even for low surface concentration monolayer films. In the following, an
overview of the physics associated with reflection/absorption at an air/film/substrate
interface will be presented along with some model calculations showing how
reflection/absorption varies as a function of the reflection geometry (i.e. incident angle of
infrared beam), the state of polarization of the incident beam, and the substrate.
The general configuration for reflection at an air/film/substrate interface is shown
in Figure 2.10 for an ideal three phase system. The incident electric field, E, can be
resolved into two components, one oriented perpendicular to the scattering plane (i.e. the
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Figure 2. 1 0 Generalized three phase schematic for a film on a substrate, n 1
,
n2, and
n3 are the refractive indices of air, the film, and the substrate, respectively.
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y-z plane) and the other oriented parallel. These components are the s and p polari/cd
waves respectively. The optical properties are in turn governed by the boundary
conditions for the electromagnetic wave at the interfaces and the refractive indices of air,
the film, and the substrate. If these parameters are known and if the film and substrate are
assumed to be optically isotropic, the reflected spectra can then be readily calculated/'^^-GO
Of particular interest in our case is how spectra vary as a function of the incident angle of
the infrared beam. These calculations are important for determining the optimal rellection
geometry that will yield the best signal/noise ratio. Using the following general
equations, the computed spectra shown in this section were made by Yuan Ren using the
application Mathcad by MalhSoft Inc.5«.^>l
The amphtude of the reflectivity for the two polarized components of the
electromagnetic field at each interface is given by the following equations:
A A
A (n|Cos(p2-n2Cos9|)


















In these equations, the complex refractive index for each medium 1 is
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A A
n = n + ik
(2.5)
where n is the real pari of the index of refraction and k is the extinction coefficient, ((), is
















The renectivily, R, can then be calculated by taking the square of the amplitude
reflection coefficient r (R = r r^\ where r* is the complex conjugate of r) which for this







In this equation, (3 is the phase shift and is defined as
A O)n2dcos((|)2)
c (2.9)
where d is the film thickness, c is the speed of light, and o) is the angular frequency of the
incident infrared beam. With the reflectivity of the air/film/substrate system, the
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absorbance defined as
-log(R/R„) can be determined where R, is the reflectivity of the
pure air/substrate surface, or in other words the background/reference state.
Given that polarization of the incident infrared can provide insight into the
orientation of specific chain segments and/or functional groups with defined dipol
moments within a film, the mean square electric fields for both s and p polarizations
also be determined62 with the following relations in a (x,y,z) coordinate system




<E,V = (1 + Rs) + 2R,'^^cos(p, - 47r(|)niCos(t),)
<Ep%> cos\ (1 + Rp) - 2Rj;^2cos(pp - 47i(^)niCos(l)




In these relations, and pp are the phase shifts of the electric fields for the s and p
polarizations respectively due to reflection at the interfaces.
Taking representative values for the refractive indices of the various phases,
model calculations for were then carried out for a polymer film on a metallic (non-
dielectric) substrate and a polymer film on a water substrate (dielectric). As was
mentioned above, these calculations provide a good insight into the factors which affect
reflection/absorption associated with real air/polymer film/substrate systems. Beginning
first with the calculations for a polymer film on a metallic substrate, the input parameters
chosen were as follows. The polymer film is taken to be 33 A thick and has a refractive
index of 1.5 + (O.lO)i. The refractive index of the metallic substrate, which is also a
complex value, is chosen to be 2.5 + (30.0)i corresponding to gold. The refractive index
of air is 1 . Also, the calculation was made at a frequency of 2920 cm"'.^^
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With these parameters, the calculated mean square electric field for the two
polarizations is shown in Figure 2. II as a function of the angle of incidence of the
infrared beam. At all angles, the s and py components are essentially zero. On the other
hand, at grazing incident angle the pz component has a very large value. What this
effectively leads to is a system where the mean square electric field only has a component
in the z direction perpendicular to the plane of the film and substrate. This is important
from the point of determining molecular orientation in that for such films only dipole
moments which have some component perpendicular to the interface can absorb and
subsequently be probed with the incident radiation. Termed the "surface selection rule",
this provides a means of determining molecular orientation relative to the plane of the
interfaces and is well established in traditional external reflectance infrared spectroscopy
for films at metallic substrates. The loss of the s polarized component of the mean square
electric field is evident from the plots of the phase shift and reflectivity versus the angle of
incidence as shown in Figure 2.12 and Figure 2.13. Here it can be seen that this
component experiences a phase shift of about 180° with a reflectivity of about one
irrespective of incident angle. This leads to a state where the incident and reflected light
fields interfere to produce a resultant standing wave field with a node at the surface.
Conversely, the p polarized component depends strongly on the angle of incidence and
can have very high values. The variation of the calculated absorbance with incident angle
is shown in Figure 2. 14. It can be seen that the absorbance of the s polarized component
of the infrared beam remains at zero. The p component of the absorbance varies with the
incident angle, however, and reaches very high absorbance values near the grazing
incident angle (-88°) before sharply falling off. These calculations show why grazing
incidence external reflection infrared spectroscopy has been successful in characterizing
films at on such substrates (i.e. high pz mean square electric field and absorbance)
Using the same approach as for the model metallic substrate with the previous
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Figure 2. 1 1 Mean square electric field of both polarizations for a film at an air-metal
surface.
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Figure 2. 12 The variation of the phase shift for both s and p polarizations for a film at
an air-metal surface.
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Figure 2. 13 Variation of the reflectivity for both s and p polarizations of a film at an
air-metal surface.
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Figure 2. 14 Absorbances for s and p polarizations for a film at an air-metal surface.
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the same representative input parameters with the exception of n for the substrate. In
these calculations the input value for the refractive index of water, a dielectric media, was
1
.441 + (0.0297)1.58 It can be seen that the calculated results vary greatly from those
obtained with a metallic substrate. Figure 2.15 shows the mean square electric fields for
the s and p polarizations. The most obvious difference from the calculations with a
metallic substrate is that in this case, all of the components of the mean square electric
field vary with the incident angle of the infrared beam. What this essentially means is that
as opposed to reflection from a metallic substrate, with reflection from a water substrate
or subphase it is potentially possible with s and p polarized beams to characterize dipole
moment orientation not only relative to the z direction, but also along the x and y
directions. By varying the incident angle of the infrared beam, the mean square electric
field in each of the x (i.e. the s polarized component), y, and z directions could in theory
be maximized. It should be noted, though, that for a p polarized incident beam it is
difficult to achieve a relatively pure mean square electric field in the z direction
perpendicular to the interfaces since there is always some component in the y direction (py
component) parallel to the plane of the interfaces at virtually all angles. However, a
drawback which is apparent in this plot, is that the mean square electric field intensities
are low relative to the pz component of the mean square electric field for reflection on a
metallic substrate at grazing incident angle. Thus the interaction between the absorbates
and the electric field are weaker. Therefore, for experiments at the air-water interface to
be successful, the associated optics, interferometer, detector, and incident angle must be
optimized to give the best signal/noise ratio possible as was alluded to earlier.
Plots of the reflectivity and absorbance versus incident angle are shown in Figure
2.16 and Figure 2. 17 respectively. In Figure 2.16, it can be seen that the reflectivity of
the s polarized component increases with the angle of incidence. The p polarized
component, however, exhibits a dip to zero reflectivity at the angles near the Brewster
angle. This is as expected since at the Brewster angle, the p polarized component of the
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Figure 2. 15 Mean square electric field of both polarizations for a film at the air-water
interface.
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Figure 2. 1 6 Variation of the reflectivity for both s and p polarizations of a film at the
air-water interface.
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Figure 2. 17 Absorbances for s and p polarizations for a film at the air-water interface.
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electric field is not reflected. Looking at Figure 2.17, it can be seen that the angular
dependence of the absorbance of the s and p components are very different. For the s
component, the calculated absorbance is negative for most angles and has a maximum
absolute value at angles approaching 0°. This shows that the reflectivity of the
air/polymer film/water system is for most angles greater than the reflectivity for the pure
two phase air-water interface. The s component of the absorbance is also small relative to
the calculated p component absorbance with a metallic substrate at grazing incident angle.
The dependence of the p component of the absorbance, although initially similar to the s
component at lower angles, has a large enhancement and subsequent change in sign at
angles near the Brewster angle where the absorbance changes from negative values to
positive values with increasing incident angle. Even with the large enhancement in the
theoretical absorbance of the p component at angles near the Brewster angle, from a
practical standpoint reflection/absorption at such angles is not optimal due to the poor
signal/noise ratio. The poor signal/noise ratio is caused by the fact that although the
change in reflectivity due to presence of the film at the air-water interface is large,
producing high absorbances, the reflectivity of the air/film/water system itself is very near
zero. Reflection/absorption at other angles yields spectra with smaller absorbances due to
the smaller difference in reflectivity between the air/film/water state versus the pure air-
water state, but of greater importance have a much better signal/noise ratio. Nevertheless,
angles of incidence near the Brewster angle have at times been chosen for experiments at
the air-water interface by other researchers.
Overall, however, the reflectivities for both components are small relative to the pz
polarized component for metallic substrates. This leads to lower instrumental throughput
and lower signal/noise ratios. The calculated plots in Figures 2.15, 2.16 and 2.17
illustrate the greater overall demands required for infrared reflection experiments of
polymer films at air-water interfaces versus polymer films at air-metal interfaces. Lastly,
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I'iguic 2. 1 H shows the phase shill assoi i;.k-(l wiih (he s ;mil p roiuponnits o\ (he eleelrie
field wliere it eaii he seen that the |) eoinpoiient uiuleigocs a ISO" ehange in phase al the
liiowsler angle.
2.2.2 CuuplillB "I I ;m['innii 'IVoiiL'.h .ind IMriiul k'dkvtioM hjiMi.d Speetioni. i. i
In order to preeisely eonlrol the siirlaee paeking density ol' polymer lilnis spread at
an air-water nitcrlace while simultaneously measuring both the external relleetanec
ml rat ed spectra and the surface pressuie of the spread lilm, a Langmuir tron)',h was
designed and eoui)led with a I'ourier transform inlraieil instrument. The design and
conslnietion of the setup was done hy So|)hie Kiou. A schematic of this experimental
setup is shown in Figure 2. 19 where the entire setup (trough, interleronteter, detector and
associated optics) is moimted on a floatin)', optical table. The general design of the
experimi-ntal setup was patterned alter earlier designs hy I )liihy amonj', other
groups.'^ ii, (|,^. lollowmg, the specifics ol the I,an)'miiu tiougli itsell will lust
be described. A de.scri|)tion of the actual coupling between the trough and the l ourier
tianslorm inlraicd instrument will then be piesented.
In designiiij', (he trough, several factors were of |)aitii ular importance. I'irst, the
trough had to be laige enough so that edge and meniscus effects would be minimi/ed,
Additionally, the size of the troiigji had to be large enough to accommodate both the
reflected infrared beam at the film surface and the Wilhelmy plate a.ssocialed with surface
pressure measurements. Specifically, there had to be enough s|)ace near the centei ol the
Irough so thai both meniscus cffccls from the edges of the tnnigh on the Wilhelmy i)late
and the reflected inli aied beam and meiuscus effects lioin the Wilhelmy plate itself on the
reflected infrared beam would be negligible. With this in mind, the trough, iiiacliiiied
from a solid piece of Teflon™, had a length of 4.50 mm and a width of I ")! nun. My
moving the compression barriers of the Langiniiir trough, the surface area al (he air-walcr
interface could be varied from 540 cm^ to 125 cin^ 'i'lie depth ol (he bath was .5 mm.
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Figure 2. 19 A schematic of the coupling of external reflection infrared spectroscopy
and a Langmuir trough.
49
In addition, the entire Teflon ''^ trough was mounted on a soHd anodizcd
aluminum baseplate and enclosed in a Plexiglass chamber. Within the baseplate were
several channels in which Huid could be circulated for temperature control of the trough.
The Plexiglass chamber, on the other hand, served to isolate the trough environment from
contaminants (e.g. dust) as well as to allow for the control of the relative humidity of the
trough environment. The relative humidity in the trough chamber was controlled by
slowly purging the chamber with either nitrogen gas or carbon dioxide-free dry air.
Another important factor in the design of the Langmuir trough was the use of a
microstepping motor for the accurate control of the compression barriers of the trough.
Such a motor was chosen for its ability to operate smoothly without perturbing the water
surface, and for its ability to operate at extremely low speeds. The specific motor used in
driving the compression barriers of the trough was a Parker Hannifin Corporation OEM
57-51 single shaft microstepping motor actuated by a Parker Hannifin Corporation OEM
650 driver. The microstepping motor operated at a 25 000 steps/revolution resolution.
The barriers of the trough, in use driven simultaneously toward the center of the trough in
the lengthwise direction of the trough, were made from two flat movable 200 x 25 x 5
mm Teflon"^ strips. To prevent leakage of the film being compressed between the
barriers at the air-water interface, the barriers were designed such that they fit tightly
across the rim of the trough. Subsequently, the barrier compression rate could be varied
continuously from 0.6 cm^min ' to 60 cm^min ' with great precision and accuracy.
The surface pressure of films spread in the trough was measured with a Cahn
Balance 2000 (ATI Instruments) electrobalance enclosed in the Plexiglass chamber with
the trough. Specifically, a 15 mm x 10 mm x 0.18 mm Wilhelmy paper plate (Whatman
Chromatographic paper n°l) in contact with the film-water surface was connected by a
thin wire to the electrobalance. The electrobalance was calibrated with a series of known
weights and surface tension measurements were also made on several different solvents
of known surface tension to check the accuracy of the measurement. Prior to the
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spreading of a sample at the air-water interface, the surface tension of the pure water
subphase was set to zero. Surface tension measurements could be measured with an
accuracy of roughly +0.2 mNm '. Also, the Wilhelmy paper plate was oriented parallel to
the compression barriers of the Langmuir trough.
The Fourier transform infrared interferometer and detector associated with external
reflection infrared spectroscopy were coupled extemally to the Plexiglass enclosed
Langmuir trough in the following manner. First, the collimated infrared beam produced
by the interferometer (Perkin-Elmer System 2000 Fourier transform infrared
interferometer) was either passed direcdy into the enclosed chamber of the trough, or if
polarization experiments were desired (i.e. s polarized or p polarized infrared beam) was
passed through a polarizer (Brewster's angle double diamond infrared polarizer) and then
into the chamber. The beam then was passed through a focusing lens after which it was
reflected off of a flat gold coated mirror (Edm.und Scientific) and brought into focus at the
film-water surface. The focusing lens, specifically, was a 200 mm focal length f/8 Zinc
Selenide lens purchased from Ealing Optical. The angle of incidence of the infrared beam
at the air-water interface could be adjusted with the flat gold coated mirror. For these
experiments, the angle of incidence of the infrared beam was always set at 30 + 4°. The
reason this particular angle of incidence was selected is due to the fact that at this angle the
absorbance and signal/noise ratio for both s and p polarized beams are reasonable for
reflection/absorption on polymer films at the air-water interface. This is shown in Figure
2.17 (discussed previously in section 2.2.1) with a plot of the calculated absorbance (s
polarized and p polarized components) versus incident angle for such a system. In the
experiments discussed in this chapter, however, no experiments were carried out with a p
polarized incident beam for reasons which will be explained later. All experiments were
done with a s polarized beam. It should also be pointed out that because of the chosen
incident angle, all infrared bands in the measured external reflectance infrared vibrational
spectra were negative. In terms of the analysis of such negative bands (i.e. peak position,
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intensity, band shape etc.), however, the analysis does not change from that of standard
transmission infrared vibrational spectra with positive absorbances.
Following reflection/absorption of the infrared beam at the air/film/water
interfaces, the infrared beam is then reflected off of another flat gold coated mirror
(Edmund Scientific) and then sent to the detector. It should also be mentioned here that
the trough is oriented such that the compression direction of the barriers is parallel to the
plane formed by the incident and reflected infrared beams. This geometry makes it such
that for a s polarized infrared beam, the polarization direction, in addition to being in the
plane of the air-water interface, is perpendicular to the compression direction. External
detector optics then focus the infrared beam onto a ~ 1 .0 mm^ active area of the detector.
The detector, was a narrow-band mercury-cadmium-telluride (EG&G Judson J15D)
detector equipped with a Zinc Selenide window which had to be cooled with liquid
nitrogen. To prevent water from condensing on the detector window, the detector and its
associated optics were isolated in a small chamber which was constantly purged with
either nitrogen or carbon dioxide-free dry air. This type of detector has a cut-off
frequency at -750 cm ' (no detection < 750 cm'^) and has a peak sensitivity of Dx* = 4. 10
X 10'" cmHz"^W"' at 10 kHz. The signal/noise ratio in transmittance mode at 2000 - 2200
cm"' was AT = 0.021%.
Finally, the Langmuir trough and external reflection infrared spectroscopy setup
was tested with several well studied small molecule amphiphiles such as phosphocholine.
It was found that the surface pressure/area isotherms for monolayer films of these
molecules were in good agreement with previously published isotherms. The spectra
obtained of these monolayer films at the air-water interface were also in good agreement
with what has been reported by others.56 These results demonstrated that our Langmuir
trough and external reflection infrared spectroscopy setup could both produce high quality
spectra as well as accurately control the molecular surface area of films spread at the air-
water interface.
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2.3 Instrumentation and Methods
Due to the fact that small amounts of contaminants can affect the behavior of films
spread at an air-water interface, extreme care was taken to assure that the Langmuir trough
was clean before each experiment. In addition to keeping the Plexiglass''"'^ enclosure
closed as often as possible to minimize dust, the Teflon trough itself as well as the
Teflon compression barriers were cleaned before each run with chloroform. Also, on a
very regular basis, both the Teflon™ trough and barriers were immersed in solutions of
water and KOH. Following such a soaking, the trough and barriers were thoroughly
rinsed with distilled and then deionized water.
In preparing the trough for an experiment, the trough was first filled with
deionized water to a level moderately above both the edges of the trough and the barriers.
The surface of the water between the barriers was then aspirated with a clean glass pipet
to remove any trace contaminants adsorbed to the water surface. A Wilhelmy plate was
then placed in contact with the water surface allowing for the plate to wet. Upon
stabilization of the electrobalance, the barriers of the trough were then slowly closed and
opened while monitoring the voltage output of the electrobalance. If a change in voltage
was observed indicating surface contaminants, the water surface was again aspirated and
the process repeated until a change in voltage was not observed. Attention also had to be
taken to make sure that the level of the water surface remained above the compression
barriers following aspiration.
With the compression barriers open to their maximum surface area, a single beam
external reflectance infrared spectrum of the pure water surface was then obtained. This
spectrum would be used as a reference state to ratio with sample single beam spectra. The
polymer solution was then spread. The amount of polymer spread at the air-water
interface was always chosen such that the as-spread uncompressed film would form a
very expanded monolayer (i.e. large surface area per molecule at the air-water interface
where the surface pressure is constant at zero). Spreading was specifically done using a
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100 \i\ Hamilton graduated glass syringe equipped with a Teflon™ tipped plunger in a
dropwise manner. By carefully placing the syringe needle tip close to the water surface,
drops were slowly applied. The film was then allowed to equilibrate for at least 1 hour
before the barriers were compressed. The compression speed for all experiments was
2.77 cm^min ' (150 min for a full range compression experiment). Additionally,
experiments were done with the water subphase maintained at room temperature.
The external reflectance infrared spectra collected for films spread at the air-water
interface were obtained with the incident beam polarized in the s direction, parallel with
the plane of the interface (Figure 2.20). As was mention previously, no p polarized
spectra were collected. The reason for this is due to the fact that while the s polarized
component can readily be used to probe dipole moment orientation since it is deflned
within the plane of the interface, the p polarized component does not have a well deflned
polarization direction with respect to the air-water interface. In addition, it should be
pointed out that the polarization direction of the s polarized infrared beam in our
experimental setup was also perpendicular to the axis of compression as deflned by the
moving barriers. As was shown in section 2.2. 1 , a p polarized infrared beam has
components both in the plane of the interface (i.e. speciflcally the py component of the p
polarized beam which is perpendicular to the s polarization) as well as perpendicular to the
air-water interface (i.e. pz component). Although the relative amounts of each component
can be varied by changing the angle of incidence of the infrared beam as was shown with
the calculated mean square electric field intensities (Figure 2.15), it is difficult
nevertheless to get a relatively pure p polarized component perpendicular to the surface of
the air-water interface. Moreover, practically speaking the accurate control of the relative
amounts of each of the two components would also be quite hard to achieve.
External reflection infrared spectra were collected under the following conditions.
Due to the relatively small signal, the J-stop collimator of the interferometer was set to a






Figure 2.20 Reflection geometry and polarization direction of infrared beam at the air-
water interface of the Langmuir trough.
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The gain was set at 8. A triangular apodization function was also selected to modify the
Fourier transformation of double sided interferograms. The number of coadded scans for
each spectrum varied between 100 and 512 and was collected at a resolution of 4 cm '.
For compression experiments, the scan time was sufficiently fast relative to the
compression speed of the barriers; each spectrum could be considered to have been
collected at a constant surface area. The data were collected at a 0.2 cm ' interval. As
mentioned previously, infrared absorbances are defined by the relation
-log(R/Ro) where
R and Rq are the reflectivities of the water surface with the polymer film and without the
polymer film, respectively.
An important issue that had to be addressed in the collection of sample spectra was
the difficulty of water vapor bands (-2000 cm"' to 1400 cm ') present to varying degrees
in the ratioed sample spectra. Typically, in the collection of infrared spectra for most
types of samples this not a problem; the sample chamber for the background single beam
spectra and for the sample single beam spectra are both purged with either dry air or
nitrogen for sufficient periods of time. However, for external reflection infrared
spectroscopy at an air-water interface such a complete purge of the trough chamber cannot
be done for obvious reasons. Thus there can large mismatch between the external
reflection infrared single beam spectra for the background, i.e. the pure water surface,
and the sample single beam spectra. In the ratioed spectra, this can make the analysis of
bands from the sample difficult in regions which overlap with water vapor bands. To
deal with this, the humidity level of the trough chamber was controlled by varying the
nitrogen/dry air purge as spectra were being collected. The spectrometer software
package (PE-Grams/2000T"M Version 2.03, Galactic Industries Corporation) allows for the
realtime viewing of ratioed spectra during scanning. Thus by carefully regulating the
humidity level in accordance with the observed real time spectra during scanning,
oftentimes the water vapor bands could be minimized from sample spectra making
analysis of bands in these regions possible.
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An additional feature in the external reflection infrared spectra which should also
be discussed is a distortion in the baseline at roughly 1650 cm"' present in some spectra.
This distortion could not be removed as with water vapor bands and is caused by the large
change in the complex refractive index of the water subphase. The distortion appears as a
rise in the baseline in a direction opposite to that of the negative absorbances from a
polymer film. It is present to varying extents for different samples. However, it was
observed that in spectra collected for a given sample spread at the air-water interface, the
shape of this distortion in the baseline did not change during compression. Thus the
analysis of peaks in this region for a series of spectra collected during compression was
done by making the same baseline correction in each spectrum.
Transmission infrared spectra were obtained using a Bruker IR98 FT-IR
instrument. The detector was a liquid nitrogen cooled narrow-band mercury-cadmium-
telluride (MCT) detector. Films were cast on polished CaF^ disks (25 mm x 2 mm).
Individual spectrum were obtained by coadding 256 scans at a resolution of 2 cm"'.
The analysis of peaks in infrared spectra (i.e. peak position, peak height, peak
area) obtained at the air-water interface and by standard transmission infrared
spectroscopy was done using Lab Calc by Galactic Industries Corporation, a data analysis
software package.
Differential scanning calorimeter scans were done using a DSC 2910 instrument
by DuPont Instruments. Upon initially cooling with liquid nitrogen -30° C, heating runs
for the various samples made at 10° C per minute.
2.4 Polvglutamates
As was mentioned previously, a series of polyglutamates were studied at the air-
water interface. The goal was to understand the affect of long n-alkyl side groups on the
structure of polyglutamate "hairy-rod" Langmuir films as a function of surface packing




varying n-alkyl side group content (20% and 50% n-octacecyl-L-glutamate groups)
(Figure 2.21) and a pure poly(Y-methyl-L-glutamate) without n-alkyl side groups. All
three samples are insoluble in water.
2.4.1 Materials
Poly(Y-methyl-L-glutamate-co-Y-n-octadecyl-L-glutamate) random copolymers can
be synthesized in two ways; either by the copolymerization of the N-carboxy anhydrides
of Y-methyl-L-glutamate and Y-«-octadecyl-L-glutamate, or by ester interchange reaction
of poly(Y-methyl-L-glutamate) with n-octadecyl alcohol.25-27 in our experiments, the
latter method was used. Poly(Y-methyl-L-glutamate) purchased from Sigma Co. of
MW[v,s] = 37 000 and stearyl alcohol (99.0%) purchased from Aldrich Co. were used
without further purification. The ester interchange reactions were performed at -80° C
with 0.5 g of poly(Y-methyl-L-glutamate) and 20 g of stearyl alcohol dissolved in 50 mL
of 1 ,2-dichloroethane (99.8%, Fisher Scientific) with 1.2 g of /7-toluenesulfonic acid as a
catalyst. After an arbitrary reaction time (-14 hours or less), the polymers were isolated
by precipitation from solution into methanol (99.9%, Fisher Scientific). They were then
purified several times by fractional precipitation from solution in chloroform-methanol
mixed solvent and dried under vacuum at -100° C.
The composition of the copolymers was determined by 'H NMR spectroscopy (d-
chloroform/copolymer solution). The 'H NMR spectra for the two copolymers made are
shown in Figure 2.22 and Figure 2.23 for the samples of 20% and 50% Y-n-octadecyl-
glutamate composition, respectively. The assignments for the peaks in the spectra are as
follows in Table 2.1.^3 The overall percentage of the «-octadecyl-L-glutamate groups in
each of the two copolymers was then determined by taking the ratio of the intensity of a
given side group proton from a n-octadecyl group divided by the number of such protons
in a repeat unit, and the intensity of the backbone CH proton. The two random
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Table 2. 1 'H NMR Peak Assignments for Copolyglutamates.
Assignment Chemical Shift (ppml
a) backbone CH 4.63
b) side group COO-CH3 3.726
c) side group COO-CH2-CH2- 1.62
d) side group COO-CH2-CH2-(CH2), 5- 1.267
e) side group COO-CH2-CH2-(CH2),5-CH3 0.87
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copolymer samples were calculated to have 20% and 50% «-octadecyl-L-glutamate
repeats respectively.
PoIy(y-methyl-L-glutamate) without the long n-octadecyl side groups was
purchased from Sigma Co. and was used as received. The viscosity average moleculai-
wcight (M W(y,^j) of the sample, as listed on the container, was 307 000.
The solvents used for the spreading of polymer monolayers on the Langmuir
trough were 99:
1 mixtures of chloroform (99.0+%, Fisher Scientific) and dichloroacetic
acid (99.0+%, Fisher Scientific). These solvents were used as received. Solutions were
made at 0.
1
mg/ml polymer/solvent respectively. The solutions were stored in the dark at
+5° C and were allowed to equilibrate to room temperature before use.
The water used for the subphase of the Langmuir trough was distilled water
treated by filtration with a Milli-Q purification system yielding deionized water of a
nominal resistivity ( 1 8.2 MQcm"').
2.4.2 Results and Discussion
The results and subsequent discussion of polyglutamates will be divided into
several sections. In the first section (2.4.2.1), the surface pressure/area isotherms for
each of the three types of samples studied will be discussed. The discussion will be
limited mostly to the analysis of the isotherms along the lines of what others have often
concluded about the structure of films based on these plots. Since isotherms provide
limited structural information in themselves, some of the analysis will therefore be
speculation and will serve as a precursor to the more quantitative analysis that will follow.
A more quantitative analysis of the isotherms and the structure of the films at the air-water
interface will then begin with results obtained from external reflectance infrared spectra.
Section 2.4.2.2 will focus on the structure of the n-octadecyl side groups and their liquid-
like/solvent-like quality and section 2.4.2.3 on the subsequent ordering of the rigid-rod
main chains with compression. In the following sections, the results at the air-water
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interface will also be related to their predicted effect on the Langmuir-Blodgett transfer
process and Langmuir-Blodgett film structure.
2.4.2.1 Surface Pressure/Area Isotherms
The surface pressure/area isotherms for the poly(Y-methyl-L-glutamate) sample,
the poly(y-methyl-L-glutamate-co-Y-n-octadecyl-L-glutamate) of 20% y-n-octadecyl-L-
glutamate composition, and the polyCy-methyl-L-glutamate-co-y-n-octadecyl-L-glutamate)
of 50% Y-«-octadecyl-L-glutamate composition are all shown in Figure 2.24.
Beginning first with poly(y-methyl-L-glutamate), it can be seen that the shape of
the isotherm can be characterized as roughly having four regions: a) a region at large
surface areas greater than 21 Alchemical repeat where the surface pressure remains
constant at zero, b) a region characterized by a steep rise in the surface pressure to 22
mNm ' between -19.5 and 17.0 AVchemical repeat, c) a plateau region where the surface
pressure levels off, d) a final rise in the surface pressure starting gradually at -12.5
AVchemical repeat and later gaining in slope. This surface pressure/area isotherm is in
agreement with what has been previously reported.^^-^"^
In these previous studies it has commonly been assumed that at an air-water
interface, Langmuir films of these hydrophobic synthetic polypeptides adopt a stiff rod-
like a-helical conformation which is stabilized by strong intramolecular hydrogen bonds
along the helix axis.43-44,65,68 jn some studies, indirect measurements have also been
interpreted as indicating the a-helical conformation (e.g. usually films transferred onto
solid substrates'^^ or deuteration exchange experiments^^.^ft). Subsequently, it has often
been stated that given such a long rigid rod-like conformation, the molecules lie flat at the
air-water interface.
As will be more fully discussed in section 2.4.2.3, this helical conformation at the
air-water interface has now been directly established for poly(y-methyl-L-glutamate).
Therefore, with the conformation known and given that an a-helix has a calculated
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Figure 2.24 Surface pressure/area isotherms for films of poly(y-methyl-L-glutamate),
and poly(Y-methyl-L-glutamate-co-Y-/2-octadecyl-L-glutamate) of 20% and
50% Y-/^-octadecyl-L-glutamate composition at the air-water interface.
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molecular diameter of -14 A and a length of 1 .5 A per residue along the molecular axis,^*^
an area per chemical repeat of 21 A^ can be calculated for closely packed helices lying flat
at an air-water interface. This value is in close agreement with the beginning of the sharp
rise in the surface pressure/area isotherm. It can therefore be concluded that the molecules
do in fact lie flat and upon compression pack efficiently at the interface. Additionally,
given the rather large rise in the surface pressure once the monolayer becomes condensed,
it is likely that the film possesses a considerable amount of intermolecular cohesion at the
water surface (i.e. between polymer molecules themselves and between polymer
molecules and water surface). For a less stable monolayer incapable of such close
packing at an air-water interface, collapse of the film would occur at much larger surface
areas and the rise in the surface pressure upon compression to a condensed monolayer
state would be smaller before collapse. A reason for the stability of monolayers of
poly('y-mcthyl-L-glutamate) at the air-water interface can be attributed to the hydrogen
bonded groups and the ester groups in the side chains which together give the molecules a
slightly hydrophilic character even though overall, the molecules are hydrophobic and not
soluble in water. Since the Langmuir-BIodgett transfer process usually requires transfer
of a condensed monolayer, neglecting other factors (e.g. fluid dynamics of the monolayer
at the water surface^-") the stability of films has been interpreted as being one important
factor in affecting transferability.^^
The "yield point" of the monolayer at -22 mNm ' and the plateau region in the
surface pressure/area isotherm has been commonly attributed to a transition from a
monolayer composed of domains of parallel packing helices (poly(Y-methyl-L-glutamate)
exhibits lyotropic liquid crystalline phase behavior^^) to a bilayer, both with the helices
lying flat relative to the air-water interface (Figure 2.25).43.44,65,66,68.(,9 jhe explanation
is that first, the surface area per molecule is too small for the all a-helices to continue
packing as a monolayer. Second, for the film to maintain a constant surface pressure with
decreasing surface area, the structural transition that is implied by the surface pressure
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Figure 2.25 Schematic representation of the transition from a monolayer to a bilayer of
rigid hehces. The helices he flat at the air-water interface.
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area isotherm must be one that is well ordered. A total collapse of a film at an air-water
interface (i.e. forming islands) would cause a large drop in the surface pressure. A less
ordered transition (e.g. condensed monolayer to a film composed of some monolayer,
some bilayer, some trilayer as well as intermediates) would have some slope in the
surface pressure/area isotherm curve. Also, an orientation of the rigid-rod a-helices out
of the plane of the air-water interface is unlikely given the long rigid backbone formed by
the strong intramolecular bonds along the backbone axes and the partially hydrophilic
quality of the polypeptide mentioned previously. Third, the rise in the surface pressure
following this plateau region in the isotherm occurs at areas roughly half (-12.5 A) that at
which the first rise occurs (-19.5 A). That the plateau region does not quite extend to half
the area of the first rise may suggest that in contrast to the initial formation a bilayer, later
the transition becomes less distinct. It has been proposed that this may be due to
irregularities in the remaining monolayer or bilayer structure.64-67 j^ore of the specifics
of the ordering behavior of this polymer directly measured using external reflection
spectroscopy will be discussed in section 2.4.2.3.
The addition of n-octadecyl side groups randomly substituted off of the main
chain backbone greatly changes the shape of the surface pressure/area isotherm. For the
isotherm of poly(y-methyl-L-glutamate-co-Y-n-octadecyl-L-glutamate) of 20% n-
octadecyl-L-glutamate composition, the initial rise in the surface pressure occurs at a
slightly larger surface area (-24.5 Alchemical repeat) upon forming a condensed
monolayer. This can be explained by the larger diameter of the molecules, again verified
as a-helical (2.4.2.3), due to the long n-octadecyl side groups. The rise in surface
pressure, although still relatively sharp, is less so compared to poly(y-methyl-L-
glutamate) and extends to 18.0 Alchemical repeat. The rise reaches a final value of -28.0
mNm"' after which there are two plateau regions. The first is slightly sloped and ends at
-13.0 Alchemical repeat. The second is very flat and begins at 12.0 Alchemical repeat.
This isotherm is similar to one reported previously by Wegner for a copolyglutamate of
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35% Y-«-octadecyl-L-glutamate residues.35 in that report it was proposed that the first
plateau region in the surface pressure/area isotherm corresponds to a transition associated
with an ordering of the long n-alkyl side chains induced by the closer packing of the
molecules at the air-water interface. However, in section 2.4.2.2 this is shown not to be
the case. Given the molecular area at which the first plateau region begins, it is
reasonable instead to assign this region of the isotherm to a monolayer-bilayer transition
similar to the one in poly(y-methyl-L-glutamate) films. The presence of the side chains,
however, appears to make the transition less distinct, i.e. slope in plateau. The area at
which this plateau region ends, -13.0 AVchemical repeat, is again roughly half the area of
the initial rise in surface pressure, -24.5 Alchemical repeat. The same type of an
incremental thickening of the film (i.e. bilayer to trilayer) can perhaps be assigned to the
second plateau region in the isotherm.
As was shown in Figure 2.24, with an increase in the «-octadecyl-L-glutamate
composition to 50%, both plateau regions in the isotherm disappear. The isotherm
instead exhibits a gradually rising surface pressure beginning at a surface area of -27.0
o
^A /chemical repeat. In addition, the plot of the surface pressure versus area exhibits an
inflection beginning at --17.0 AVchemical repeat. As will be more fully explained in the
following sections, the disappearance of the flat plateaus corresponding to well defined
monolayer-bilayer transitions in the previous samples, can here be directly attributed to
the changing structure of the long ^-alkyl side groups. The surface pressure/area
isotherm indicates that the transition from a monolayer to a multilayer film is less
ordered/distinct and can probably be associated with the onset of the inflection point in the
isotherm. It can be added that in another study at the air-water interface involving a fully
side chain substituted polyglutamate, poly(Y-^z-octadecyl-L-glutamate), the isotherm was
found to exhibit only a single gradual rise in the surface pressure beginning at -33
AVchemical repeat with no inflection point.^^
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With an increased number of,i-alkyl side groups atlachcd lo the rigid-rod
backbone (he isolhernis clearly suggest that the throe samples exhibit dilTerenl structures
at the air-water interlace during compression. The next two sections will explain some of
the reasons lor the dilTerences in the measured surface pressuie/area isotherms.
2.4.2.2 Structure of /V-Alkvl Side Chains
The structure of the n-i\\ky\ side chains for the two "hairy-rod" copolyglulamates
studied will be divided into two parts. First, the liquid like or solvent-like character of the
side chains at the air-water interface will be analyzed. The discussion will focus
particularly on how the liquid-like character of (he //-alkyl side groups changes with
compression at the air-water interlace for each of the two samples with long side groups.
As was mentioned previously, the initial goal of "hairy-rod" pi)lymers was pri)vide the
rigid-rod main chains with a solveni-like matrix at the air-water interface to enhance
transferability on(o solid subs(ra(es. Subseciucndy, (he (ransferabili(y or non-
transferability of "hairy-rod" polyglulamates has been proposed to be dependent on the
liquid-like or non-liquid-like character of the long side groups at the air-water interface.
In the second part, the relative change in orientation of the //-alkyl side chains will be
analyzed as a function of compression at the air-water interface.
To start with, the liquid-like or solvent-like quality of the //-alkyl side groups at
the air-water interface will be defined as being related lo their degree of conformational
order. Parlicularly per(inen( in (his analysis are (he many sludies which have correla(ed
changes in phase and changes in the conformation of hydrocarbon chains wi(h shif(s in
(he frequencies of the CH2 asymmetric and symmetric stretching infrared modcs.''*''^' In
general, it has been observed that when such a sys(em is an iso(ropic liquid, (he
hydrocarbon chains are very tlisordered, i.e., con(aining many gauche conformers, and
the frequencies of (he two modes are in the ranges of 2924 cm ' lo 2928 cm ' and 2S52
cm ' lo 2856 cm '. Conversely, when a more ordered phase is formed where the chains
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are in a predominantly all-trans conformation, e.g., paraffin crystallites, the frequencies
of the CH2 asymmetric and symmetric stretching modes shift to 2918 cm ' and 2850 cm ',
respectively. Therefore, by analyzing this region in the external reflection infrared spectra
of the two copolyglutamates spread at an air-water interface, n-alkyl side chains which are
found to be very conformationally disordered will be characterized as liquid-like. N-a\ky\
side chains which are very conformationally ordered will be characterized as non-liquid-
like.
The CH2 asymmetric stretching mode in the external reflection infrared spectra of
the 20% Y-«-octadecyl-L-glutamate sample is shown in Figure 2.26 as a function of
varying surface area. The corresponding surface pressure/area isotherm is shown in the
upper portion of Figure 2.26. Analyzing the infrared spectra, it is apparent that the long
n-alkyl side chains for this sample of relatively low degree side chain substitution remain
conformationally disordered throughout the surface pressure/area isotherm. As was
discussed previously, the absorbances for peaks in the external reflectance infrared
spectra of films at an air-water interface are negative. Although of intensities indicative of
the small amount of material at the air-water interface ranging from -0.0005 to -0.0015
absorbance units, both the half width as well as the peak frequency position of the bands
can be readily analyzed. Figure 2.27 plots the peak frequency position versus the surface
area as such a film is compressed.
Initially, at surface areas greater than -25 Alchemical repeat the CH2 asymmetric
stretching peak position remains constant at -2928 cm"'. Here the monolayer is very far
from that of a close packed or condensed monolayer and the relative surface density of
both the rigid-rod backbones and the n-alkyl side chains is small. As is reflected by the
peak position, the long n-alkyl side chains are very liquid-like . In general, both the rigid-
rods and the long side groups can be described as being in a two-dimensional gas-like
state (Figure 2.2). Although epi-fluorescence microscopy images of fully long side chain
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Figure 2.26 20% y-n-octadecyl-L-glutamate sample: Overlay of CH2 asymmetric
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Figure 2.27 20% y-n-octadecyl-L-glutamate sample: Plot of CH2 asymmetric stretching
mode peak position with compression at the air-water interface.
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the packing of rigid-rods within these domains is probably not close given the CHj
asymmetric stretching peak position. The side chains thus can be described as being
analogous to a liquid paraffin. Given the large surface area per molecule, the side chains
do not form a continuous matrix of liquid-like groups. Instead the side chains can be
better characterized as forming a liquid-like skin on the surface of individual helices.
As the surface area at the air-water interface is further decreased, the surface
pressure begins to rise corresponding with the initial formation of a condensed
monolayer. As can be seen in Figure 2.27, there is also a corresponding decrease in the
CH2 asymmetric stretching peak position to a value of 2926.4 cm"' indicating a small
decrease in the number of gauche conformers as side groups from adjacent helices pack
closer. Overall, however, the side groups can still be considered conformationally
disordered. Due to the small number of n-alkyl side chains substituted off of the rigid-rod
backbones, further ordering of the side groups is not possible even though the monolayer
as a whole can be described as condensed. Treating the side groups as being decoupled
from the rigid-rods, in this region the side groups can be characterized as remaining in a
two-dimensional gas-like state as indicated by the CH2 asymmetric stretching peak
position. The rigid-rods, however, with a surface packing density close to the pure rigid-
rod system prior to the monolayer-bilayer transition (-18.0 versus 17.0 A /chemical
repeat) are in more of a liquid-like or solid-like state at the air-water interface. This
idealized description of side groups can be used to explain why the rise in the surface
pressure is less steep than for the pure rigid-rod system. The gas-like side groups on the
surface of the rigid-rods provide the condensed monolayer with a greater compressibility
at the air-water interface.
This degree of conformational disorder of the long side groups remains relatively
constant as the monolayer is further compressed through much of the plateau region
associated with the formation of a bilayer. During the transition, the lateral distance
between molecules likely remains relatively constant as the much of the energy exerted
74
during compression goes instead to forcing helices from the air-water surface during the
formation of a bilayer. Thus both the packing density of the side chains and subsequently
the CH2 asymmetric stretching peak position remain relatively constant.
Upon further compression at areas corresponding to the second rise in the surface
pressure and the second plateau, the CH^ asymmetric stretching peak position very
gradually decreases reaching a final measured value of 2924.8 cm"' at an area of 9
A /chemical repeat. Here, the association of n-alkyl side groups between layers and the
formation of a multilayer film more closely resembling the structure in bulk is probably
responsible for the decrease in the number of gauche conformers relative to that of the as-
spread monolayer film. The peak position of the CH2 asymmetric stretching mode from a
transmission infrared spectra of a solid cast film of poly(Y-methyl-L-glutamate-co-y-n-
octadecyl-L-glutamate) of 20% y-n-octadecyl-L-glutamate composition is slightly lower at
2923.8 cm '. The long side chains in this bulk state can still be considered mostly
disordered. As would be expected, a differential scanning calorimeter scan of such a bulk
film does not indicate any crystallization of the long n-alkyl side groups. Overall, with a
total shift of the CH2 asymmetric stretching peak position from 2928 cm"' to 2924.8 cm"'
indicating a very gradual decrease in the amount of conformational disorder, the side
groups can be characterized as liquid-like throughout the measured surface pressure/area
isotherm.
The CH2 asymmetric stretching spectra for the poly(Y-methyl-L-glutamate-co-Y-n-
octadecyl-L-glutamate) of 50% y-n-octadecyl-L-glutamate composition are shown in
Figure 2.28. The corresponding plot of the peak frequency positions is shown in Figure
2.29. Here it can be observed that, as opposed to the 20% y-n-octadecyl-L-glutamate
sample, there is a large shift in the peak frequency of the CH2 asymmetric stretching
vibration as the film is compressed. Beginning at expanded surface areas between 27
mNm ' and 45 mNm"' where the film is an expanded monolayer, the long side chains are
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Figure 2.28 50% y-n-octadecyl-L-glutamate sample: Overlay of CH^ asymmetric
stretching mode with compression at the air-water interface.
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Figure 2.29 50% y-n-octadecyl-L-glutamate sample: Plot of CH2 asymmetric stretching
mode peak position with compression at the air-water interface.
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peak position remains at -2925.5 cm '. This is slightly lower than for the 20% y-n-
octadecyl-L-glutamate copolymer and can be attributed to the greater number of long side
chains substituted off of each rigid-rod molecule. Specifically, the greater number of side
chains leads to their greater degree of association even at this expanded state. As was
mentioned, it is likely that the monolayer is composed of loosely packed domains.
However, as the surface pressure begins to rise, indicative of a closer packing of
the monolayer at the air-water interface, the peak position soon begin to shift downward.
At a surface pressure and surface area of 10 mNm"' and 24 AVchemical repeat, the CH^
asymmetric stretching peak position shifts to 2924 cm"', a degree of conformational order
equal to the most compressed state for the 20% y-«-octadecyl polyglutamate sample. The
side chains continue to order upon further compression of the monolayer and at an area
just before the onset of the inflection point in the surface pressure/area isotherm, the peak
position reaches 2922.7 cm '. At this point, the CH2 asymmetric stretching peak position
is midway between 2928 cm"' and 2918 cm"', frequencies which represent correspond to
an isotropic melt-like state and an all-trans chain extended conformation respectively.
The decrease in the liquid-like quality of the side groups provides an explanation
why the monolayer-bilayer transition becomes less distinct relative to the 20% y-n-
octadecyl-L- glutamate sample. Whereas for the 20% y-n-octadecyl-L- glutamate sample
the side chains are flexible and provide a skin of liquid-like segments on the surface of the
helices that may enhance the mobility of the rigid-rods amongst one another, the skin of
segments on the surface of the helices of the 50% y-n-octadecyl-L- glutamate sample
become significantly less flexible and liquid-like as the monolayer is compressed. Related
to the decrease in the flexibility of the side chains is the interaction and subsequent
ordering between side chains from different individual helices adjacent to one another.
Thus the transition from a monolayer to a multilayer film becomes less ordered and leads
to the disappearance of a plateau region. On the other extreme, for poly(y-methyl-L-
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glutamate) where there is no such ordering of side groups between hehces, the
monolayer-bilayer transition is well defined.
Proceeding along the surface pressure/area isotherm, both the surface pressure
and the CHj asymmetric stretching peak position continue to rise until at an area of -16
Alchemical repeat the peak frequency position begins to plateau at 2920 cm '. At this
point, the long side chains form a predominantly all-trans structure and the film may be
characterized as very non-liquid-like Comparing the CHj asymmetric stretching peak
position for the multilayer film at the air-water interface versus that of a solid cast film, it
was found that the peak positions for each of the two samples are nearly the same. The
peak position for the solid cast film was found to be 2920.5 cm '. Much like for the 20%
y-«-octadecyI-L-glutamate sample, this again can probably be attributed to the formation
of a multilayer film at the air-water interface with a structure beginning to resemble that in
the bulk. A differential scanning calorimeter scan for a bulk sample of poly(Y-methyl-L-
glutamate-co-y-rt-octadecyl-L-glutamate) of 50% y-n-octadecyl-L-glutamate content,
shown in Figure 2.30, indicates that in the bulk the long side groups do interdigitate and
crystallize. The melting point of the long side groups obtained was 38.2° C. In previous
thermal and x-ray studies of poly(y-n-octadecyl-L-glutamate) homopolymer, the melting
point of the long interdigitating side chains was found to be 62° C. In was also found for
this fully side chain substituted sample that the crystallization of the side groups only
occurred in roughly the last nine carbon atoms furthest from the backbone.^^' As will be
more fully discussed in the next section, it should also be mentioned that above the
melting point of the side chains a transition to a cholesteric liquid crystal phase occurs.
Although the long side groups for the 50% y-/i-octadecyl-L-glutamate sample are mostly
in an all-trans conformation, this however does not necessarily mean that the side groups
crystallize at the air-water interface. It possible that unlike in the solid cast film, the side
chains at the air-water interface though similar in conformation to the bulk state do not
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Figure 2.30 DSC thermogram of bulk polyCy-methyl-L-glutamate-co-y-n-octadecyl-L-
glutamate) of 50% y-n-octadecyl-L-glutamate composition at a scan rate of
10°C/min.
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Qualitatively, it is also possible to determine the change in orientation of the n-
alkyl side groups during compression at the air-water interface by measuring the change
in relative intensity of the CH^ asymmetric stretching mode. One can roughly estimate the
transition moment direction of this vibration as perpendicular to the backbone of the linear
side chains.53-55,71 Assuming that this direction does not change significantly with side
chain conformation, it is then possible by normalizing the integrated intensities of the CH^
asymmetric stretching vibration with molecular surface area to get a measure of the change
in relative orientation of the side chains with respect to the plane of the air-water interface.
This is illustrated in Figure 2.3 1 where the s polarized infrared beam, with a polarization
parallel to the plane of the interface, is shown relative to "hairy-rod" molecules at the air-
water interface. In infrared spectroscopy, the absorbance for a given vibration is
proportional to the squared scalar product of the incident electric vector (i.e. plane
polarized radiation) and a vector representing the direction of an oscillating dipole
moment.'^2 Therefore, an increase in the alignment of the side groups perpendicular to the
air-water interface would result in an increase in the normalized intensity of the CHj
asymmetric stretching vibration. An increase in the alignment of the side groups parallel
to the plane of the interface would result in a decrease in the normalized intensity.
Moreover, given that the hydrogen bonded backbones are more hydrophilic than
the n-alkyl side groups, it is reasonable to assume that the general shape of a "hairy-rod"
molecule at the air-water interface is such that the helical backbones are in closer contact
with the water interface compared to the side groups. In this respect, the "hairy-rod"
polymers can be described as having some similarities with traditional amphiphilic
molecules with well defined hydrophilic heads and hydrophobic tails. This shape of the
molecule and the change in orientation of the more strongly hydrophobic side groups with
packing density at the air-water interface could be important in affecting transfer to solid
substrates. As an example, transfer onto hydrophobic substrates may be enhanced not







Figure 2.31 Schematic of n-alkyi side chains orienling with respect to the air-water
interface. Approximating the CH^ asymmetric stretching mode as
perpendicular to axis of side chain, one can probe a change in orientation
ol" these groups with s polarized infrared spectra.
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orientation away from the plane of the air-water interface. Such an out-of-plane
orientation would increase the interaction between a hydrophobic substrate and the
hydrophobic side groups during transfer.
A plot of the normalized absorbance of the CH^ asymmetric stretching vibration is
shown with the surface pressure/area isotherm for the copolyglutamate of 20% 7-n-
octadecyl-L-glutamate composition in Figure 2.32. Here, the orientation of the side
groups appear to have two distinct changes in their relative orientation. The normalized
absorbance at areas corresponding to an expanded monolayer will be taken as the
reference point. The first change in the orientation occurs at a surface area coinciding
with the initial formation of a condensed monolayer at -24 Alchemical repeat. The
normalized absorbance increases from -0.2 to -0.25 indicating an increase in the
orientation of the long side groups out of the plane of the air-water interface. In this
region the lateral compressive forces at the interface can be described as forcing the side
groups to stretch away from the water surface as the solid rod-like backbones pack closer.
This value remains relatively constant during the formation of a condensed monolayer and
through the first plateau region associated with the monolayer-bilayer transition. At the
second plateau region, the second increase in the normalized absorbance occurs. Here
with the formation of a sufficiently thick multilayer film, it is possible that the side chains
from adjacent layers stacked parallel to the air-water interface (i.e. bilayer, trilayer etc)
interdigitate and thus further stretch perpendicular to the plane of the air-water interface.
As was shown previously in Figure 2.27, the conformational order of the side chains
does increase very gradually during the monolayer-bilayer transition and supports the
concept of chain stretching. That the two processes appear to be related is something that
might be expected.
The change in the normalized CH^ asymmetric stretching vibration for the 50% y-
n-octadecyl-L-glutamate composition copolyglutamate sample is shown along with the
surface pressure/area isotherm in Figure 2.33. In contrast to the 20% y-n-octadecyl-L-
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Figure 2.32 Plot of CH2 asymmetric stretch absorbance normalized to the number of
molecules per area at the air-water interface for a sample of 20% y-n-
octadecyl-L-glutamate composition.
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Figure 2.33 Plot of CH2 asymmetric stretch absorbance normalized to the number of
molecules per area at the air-water interface for a sample of 50% y-n-
octadecyl-L-glutamate composition.
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glutamalc sample, Ihc change in (he orienlalion of ihe //-alkyi side groups out of ihe plane
of the air-water interface is gradual once the monolayer becomes compressed. The
change in orientation, however, again occurs concurrently with the gradual ordering of
the long side groups as the solid rigid-rod backbones pack closer. The total change is
from 0.20 when the monolayer is expanded to 0.25 when the I ilm has become a
multilayer. This change in the normali/ed absorbance is less than it was lor the 20% y-n-
octadecyl composition sample even though foi this 50% samjile a higher degree of side
chain ordering was found to occur. To explain this, it may be that the side groups for the
50% y-n-octadccyl composition sample are already moderately stretched away from the
air-waler interface even when the film is in an expanded monolayer state, in support of
this, as was slated previously, the amount of conformational order present in expanded
monolayers of the 50% y-^z-octadecyl composition sample was slightly greater than lor the
20% y-n-octadecyl composition sample.
2.4.2.3 Ordering of Rigid-Rod Backbones
External reHeclion infrared spectra in the region between 4000 cm"' and 1000 cm '
are shown for the three samples: poly(y-methyl-L-glutamate), poly(y-methyl-L-glutamate-
6<y-y-«-ocladecyl-L-glutamate) of 20% y-n-octadecyl-L-glutamale composition and the
polymer of 50% y-w-octadecyl-L-glutamate composition in Figure 2.34, 2.35 and 2.36
respectively. The spectra shown are representative of spectra collected along the surface
pressure/area isotherms for each of the three films at the air-water interface. As was
mentioned earlier, the intensities, in absorbance units, of bands arising from the films are
negative. Analyzing the spectra, it is readily established that the backbones at the air-
water interface are in the (X-helical conformation as has often been assumed but never
directly verified. This is shown by the presence and position of several well characterized
infrared bands for polypeptides which are sensitive to vibrational interactions (i.e.
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Figure 2.35 nxtei nal leflcction infrared spectrum of a copolyglutamate of 20% y-n-
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Figure 2.36 External reflection inlVared spectrum of a copolyglutamate of 50% y-n-
octadecyl-L-glutamate composition at the air-water interface.
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polymer backbone. In particular, the NH stretching band at 3290 cm ', the amide I band
at 1652 cm ', and the amide II band at 1549 cm ' for all three samples show that the films
remain in this rigid rod-like conformation throughout the measured surface pressure/area
isotherms.73.74 Some other additional bands present in the spectra are the bands at 1736
cm"', 1450 cm ' 1350 cm"' and 1 100 cm '.^^ The band at 1736 cm ' is associated with the
carbonyl C=0 stretching mode arising from the ester group present in the side chains.
The band at 1450 cm"' is from CH2 bending modes. Finally, the weaker bands between
1350 cm"' and 1 100 cm"' have contributions from the amide III mode and the C-0
stretching modes from the side chain ester groups, respectively. All of these bands are
seen in the infrared spectra of bulk cast films of these polymers.
There are also several other features in the spectra not attributable to the polymer
films themselves. The large rise in the baseline centered at -3600 cm ' is due a mismatch
in the collected sample single beam spectra and the background spectra of the pure water
substrate arising from the OH stretching band from water. Specifically, for an
air/film/water system there is less absorption from water itself than for an air-water
system. Thus the OH stretching band is positive in the ratioed spectra. Another feature
associated with the water subphase at 1650 cm"' was discussed previously and can also be
explained in the same general manner. Lastly, the large spike at -2350 cm ' is due to the
CO stretching band associated with COj in the trough chamber. The presence of this
band was not important for these studies, however, since it is does not overlap with
bands from the polymer films themselves.
An overlay of spectra corresponding to various points along the surface
pressure/area isotherm for each of the three samples is shown in Figure 2.37, 2.38 and
2.39 in the region between 2000 cm ' and 1000 cm '. In the upper portion of the figures
are the corresponding isotherms. On comparison, it can be clearly seen that for each
sample, the intensity of the amide I band at 1652 cm ' decreases relative to the amide II
band at 1549 cm"' and the side chain C=0 stretching band at 1736 cm ' during
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Figure 2.38 20% y-w-octadecyl-L-glutamate sample: External reflection infrared spectra
between 2000-1000 cm"'.
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Figure 2.39 50% y-n-octadecyl-L-glutamate sample: External reflection infrared spectra
between 2000-1000 cm '.
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conipicssion. There arc two possible explanations for this which will be discussed in the
following. First, given that the molecules are known to be in the rod-like a-helical
conformation, the amide I and amide 11 bands have well defined transition moment angles
with respect to the helix axis. Specifically, the amide 1 and amide II transition moment
directions have been determined in other studies to be inclined from the helix axis by 29-
34° and 75-77°, respcctively.7:'.74 Generally speaking, the amide 1 vibration can be
characterized as having a dipole moment parallel to the helix axis. The amide II vibration
can be characterized as having a dipole nuMiient perpendicular to the helix axis. This is
shown schematically in iMgure 2.40 where the vectors representing individual dipole
moments are synunctric about the helix axis.
Recalling that all of the spectra were collected with the incident infrared beam
polarized in the s direction parallel to the plane of the air-water interface and perpendicular
to the compression direction, the two possible explanations for the (observed change in
relative intensity of the amide 1 antl II bands are: a) as the film is compressed, the rigid-
rods which initially lie flat and are isotropically oriented in the plane of the interface
following spreading, gradually begin to orient out of the plane of the air-water interface,
or b) as the film is compressed, the rigid-rods which initially lie Hat and are isotropically
oriented within the plane of the interface gradually become preferentially aligned parallel
to the compression barriers within the plane of the interface. In theory, a combination of
a and b is also possible. Given the long rigid-rod conformation and the somewhat
hydrophilic character of the intramolecularly hydrogen bonded backbones, however,
orientati(Mi of the helices out of the plane of the air-water interface is less likely.
Moreover, other studies have also indicated that case b is the likelier of the two
possibilities. In studies involving films of rigid-rod polypeptides transferred from the air-
water surface by a horizontal touching method, it was proposed that the helices become
preferentially oriented jiarallel with the compression barriers during compression in a
Langinuir trough at the air-water interface.'''^ Another study with a similar conclusion
94
s-polarization
Schematic rcpiescnlatioii ofdipole moiiicnl vectors for the amide I and
amide II modes along the helix. Also shown is a schematic of the trough
and the s-polarized infrared beam.
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was one in which ripple patterns generated on the fihn/watcr surface by a vibrating probe
were found to become elHptical during compression7^^ This was interpreted as being
indicative of film anisotropy in the plane of the interface. Finally, in studies of Langmuir
films of fully side chain substituted poly(Y-/i-octadecyl-L-glutamate) using electrically
induced capillary wave diffraction directly at the air-water interface and atomic force
microscopy of these films horizontally transferred onto silicon substrates, it was also
concluded that the rigid-rod polymers exhibit a preferential alignment parallel to the
compression barriers during compression.^" In none of these studies, however, was the
degree of preferential in-plane alignment of the rigid-rods parallel to the barriers
quantitatively determined at the air-water interface.
That the intensity of the C=0 stretching band associated with the side groups also
increases in intensity relative to the amide I band can perhaps in part be attributed to the
stretching of the side chains away from the air-water interface during compression. This
band has a dipole moment which is roughly perpendicular to the backbone of the side
chain where the ester group is located.
With the change in relative intensity of the amide I and II vibrations in the
measured external reflection infrared spectra, the state of orientation of the rigid-rod
backbones can be quantitatively described with a set of orientation functions. First, given
that the rigid-rods will be assumed to be within the plane of the air-water interface (case
b), a complete description of the orientation can be made using the general equations for
biaxial orientation. "^"^-"^'^ The coordinate system used for describing such an orientation is
shown in Figure 2.41 where z is the direction along which the helices become
preferentially aligned, i.e. axis both perpendicular to the compression direction and
parallel to the compression barriers, yz is the plane of the film, i.e. the air-water interface,
the vectors V and P represent the axis of an individual helix and the direction of an
oscillating dipole moment respectively, a represents the dipole moment angle, p is the
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Figure 2.41 The coordinate system used for describing the orientation of the rigid
helices perpendicular to the compression direction and within the plane of
the interlace.
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angle between the helix axis and the z axis, and ,s the angle between the projeelion of V
on the xy plane and the y axis.
The orientation functions are defined by the following equations:
fp = (3<cos'P>- 1 )/2
^2 13)
f^ = 2<cosV- 1 (2.14)
Both <cos'P> and <cosV are the average squared cosines of the angles that the helices
make with the z axis and the yz plane respectively, f,, describes the state of orientation of
the helices with respect to the compression direction and may vary from I to -0.5.
Therefore, fp = 1 would describe a system where the helices are perfectly aligned with the
z axis, fp = -0.5 would describe perfect alignment perpendicular to the z axis, and f^ = 0
would describe a random orientation with respect to the z axis, f^, on the other hand,
characterizes the alignment of the rigid-rods with respect to the plane of the air-water
interface and can vary from -1 to 1 with the latter representing perfect alignment within the
plane of the air-water interface. With the long rigid-rod conformation of the polymer
backbones and the results of the studies mentioned previously, it will be assumed that f^ =
1.
In traditional transmission infrared dichroism the infrared absorbances of a given
band obtained with the infrared beam polarized parallel, A||, and with the inl'rared beam
polarized perpendicular, h^, to a given reference direction (e.g. z axis) are used in
analyzing molecular orientation. The chosen band should also have a known transition
moment angle, a. E|| and Ej^, shown in Figure 2.41
,
represent the two plane polarized
electric vectors used to obtain A|| and A^, respectively. The propagation direction of the




Given thai absorption is proportional to the squared scalar product of the electric vector
and P, the diehroic ratio tor helices confined ni the yz plane, i.e. the air-water interlace, is
D(a,p) = (2cotVcos'p + sin'p) / fcot'a sin-p + (1 + cos'p)/21 (2.16)
where it is assumed that the alignment can be modeled as a system where all the helices
are displaced by the same angle P Irom the z axis.72 j-^ can then be readily determined.
For such a planar alignment (|) = 0. An average absorbance, A,^, may also be defined for
this type of planar alignment by the relation
A„v = (A|| + A,)/2 (2.17)
where A,^ is independent of the state of orientation of the helices with respect to the z axis
and is proportional to the amount of absorbing species within the infrared beam.
The ratio of the intensity of the amide I vibration and the amide II vibration can
then be related directly to fjj in a manner analogous to that of traditional transmission
infrared dichroism. The difference, however, is that in traditional transmission infrared
dichroism A|| and Aj of a single band of known transition moment angle arc used in the
analysis. In these experiments, the measured A^, i.e. from a s polarized beam with a
polarization direction which is perpendicular to the compression axis (Figure 2.42), for
two different bands with different transition moment angles were used instead. (Jiven our
experimental setup, it is not possible to obtain s polarized spectra with a polarization
direction parallel to the compression axis of the trough (y axis).
fp can be determined by first considering a model planar system where the average
absorbance remains constant, i.e. the amount of absorbing species in the infrared beam
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zFigure 2.42 Schematic of Langmuir trough with the in-plane polarization direction of
the infrared beam and the dipole moment directions for the amide I and n
modes. (3 is the angle between the helix axis and the z-axis.
100
remains the same during alignment w,tl> the z axis. The following terms ean subsequently
be defined.
Aava)-(A||(i)f + A±(i)f)/2 (2.18)
-^avdi) - (A
I
|(n)f + Aj^dDf) / 2 (2.19)
^1 - ^ll(i)f/^i(i)f (2.20)
^11 - ^lldDf/ A^dDf (2.21)
In these equations, A^^^,) and A^^^^^ are the average absorbances for the amide I and II
bands, A\^^^^ and A||(„)f are the absorbances for the amide I and II bands obtained with the
infrared beam polarized parallel to the z axis, A^^,,^ and A^^,,)^ are the absorbances for the
amide I and II bands obtained with the infrared beam polarized perpendicular to the z axis
(i.e. along the y axis), and D, and D„ are the dichroic ratios of the amide I and II bands, fp
can then be determined from the relative intensities of A^^^f and A^^^^^ if A^(,)f and A^^,,)^
are known for fp = 0. Specifically, by substituting in values of (3 between 0° and 90° into
equation 2. 16, D, and Djj may first be calculated as a function of p. Given the four
equations, 2. 18, 2. 19, 2.20 and 2.21, the ratio of A^(,)f and A^(„)f may then be determined
for any arbitrary value of p.
In actual compression experiments, fp may also be determined from the measured
ratio of Aj^^j^^ and Aj^^jj^j in this manner. This ratio is sensitive only to the orientation of the
rigid-rods and not to the total number of absorbing species. The relative intensities of
A^d^f and A^(„^f when fp = 0, Aj^o(,) and A^o(„) respectively, may be taken to be the
intensities of the two bands in the s polarized spectra prior to compression of the film. In
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(his uncompressed state, the orientation of the rigid-rods is isotropic whiun (he plane ol
the air-water interface. This then gives the following filiations:
^io(i) = (^lki)( ^x(i)r) / 2 (2.22)
^10(11) = (^11(11)1 + ^i(ii)i) / 2 (2.23)
Again, by substituting in values of (i between 0° and 90" into equation 2. 16, D, and D„
may be calculated as a function of (i. Given the four equations, 2.20, 2.21, 2.22, and
2.23 the ratio of A,,,,, and A^^^^^^^ may be determined for any arbitrary value of |1
The orientation function, f,j, calculated as a function of varying surface area for
films of poly(7-methyl-L-glutamate) at the air-water interface is shown in I-igure 2.43.
Again, positive values of f,, indicate preferential alignment of the rigid-rods perpendicular
to the compression axis. The corresponding surface pressure/area isotherm is also
shown.
Initially at large surface areas corresponding with an expanded monolayer, the
orientation function remains constant at zero. This is as one would expect given the fact
that at large surface areas the film is probably composed of individual two-dimensional
nemalic-like domains floating at the air-water surface."^'^ Given the large area, the
domains do not feel the presence of the compression barriers antl the surface pressure
remains at zero. Overall, the rigid-rods are isotropic within the plane of the air-water
interface. However, once the film becomes a condensed monolayer corresponding with
the sharp rise in the surface pressure, the orientation function increases to a value of
roughly 0.25. This indicates that the rigid-rods have a small degree of orientation parallel
to the compression barriers. Given the large axial ratio of the rigid-rods, such an
orientation of molecules is not entirely surprising. As was mentioned previously, p()ly(7-
melhyl-L-glutamate) exhibits lyotropic liquid crystalline behavior.^*' In .some respects, the
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Figure 2.43 Plot of orientation function versus compression for poly(Y-methyl-L-
glutamate) at the air-water interface.
103
water surface may be viewed as a solvent-like matrix for the rigid-rod molecules where
compression of the barriers in effect increases the concentration of rigid-rods. Another
factor which probably allows for the orientation of the monolayer is the stability of the
film itself at the air-water interface. For molecules without such a favorable interaction
with the water surface, collapse of the monolayer to a bilayer film would probably occur
before molecules in the monolayer state would be given a sufficient opportunity to orient.
Upon further compression after the formation of a condensed monolayer the
orientation function continues to increase. At these surface areas the film is changing
from a monolayer to a multilayer. Starting at -0.25 the orientation function rises roughly
linearly reaching a final measured value of -0.85 at a surface area of 7 Alchemical repeat
indicative of a high degree of orientation. This enhancement in the alignment of the rigid-
rods during the formation of a multilayer film at the air-water interface has also been
proposed by some of the previously mentioned studies on horizontally transferred films.
A simple concept may explain this enhanced alignment. At a point when the monolayer is
compressed to a point just prior to the monolayer-bilayer transition, the film is probably
composed of domains of differing orientation. Within each domain, the rigid-rods have a
relatively uniform alignment. Assuming this simple model to be true, as would be
expected given the previous fluorescence microscopy measurements and the liquid
crystalline behavior of poly(y-methyl-L-glutamate), domains in which the individual
helices are oriented parallel to the compression barriers would probably be more likely to
initiate the formation of a bilayer than domains composed of helices oriented
perpendicular. This is shown schematically in Figure 2.44. An analogy can be made to
compressing a group of sticks on a flat surface in a direction perpendicular to the axis of
the sticks. The formation of preferentially aligned bilayer domains, would then perhaps
further dictate the alignment of other rigid-rod molecules forced from the air-water surface
during compression. '
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More likely to initiate bilayer
M
Less likely to initiate bilayer
Figure 2 44 Schematic illustration of a proposed model for the formation of bilayer
domains composed of helices aligned parallel to the compression barriers.
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A plot of the orientation function and the CH, asymmetric stretching peak position
for the poly(Y-methyl-L-glutamate-a;-7-n-octadecyl-L-glutamate) of 20% 7-n-octadecyl-L-
glutamate composition is shown in Figure 2.45. As with the previous sample, the helices
have no preferential orientation at areas where the monolayer film is an expanded
monolayer. However, in contrast to the previous sample, the rigid-rod backbones do not
initially orient upon forming a condensed monolayer. For this sample the rise in the
surface pressure is less steep and it is at an area of -19.0 Alchemical repeat before the
monolayer of rigid-rods begin orienting perpendicular to the compression direction.
This delay in the orientation can be explained by the presence of the liquid-like
side groups. During compression of the monolayer, it is the liquid-like side groups of
adjacent rigid-rods which first interact with one another before giving rise to what can be
viewed perhaps as a solvent-like matrix for the rigid-rod backbones. The side groups
order only slightly in this region. It is not until the monolayer is further compressed and
the effective concentration of rigid-rods at the air-water interface increases that alignment
of the helices first occurs. This behavior at the air-water interface may again be viewed as
analogous to that of a lyotropic liquid crystal. In the previous sample without such long
side groups, it is the water surface that is the solvent-like phase. Therefore, the
subsequent transition from a condensed monolayer to a multilayer, shown by the steep
rise in the surface pressure, is sharp. The steep rise in the surface pressure can be
attributed to the impingement of the solid rigid helices. On the other hand, for the side
group substituted sample it is the long liquid-like side groups that act as the solvent-like
phase. Thus the transition from an expanded to a compressed monolayer state is more
gradual upon compression.
Additionally, on comparing the degree of alignment of the rigid-rod backbones for
the poly(y-methyl-L-glutamate) sample versus the 20% y-zi-octadecyl content copolymer
in the condensed monolayer state, it can be seen that the degree of alignment of the side
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Figure 2.45 Plot of orientation function versus compression for a sample of 20% y-zi-
octadccyl-L-glutamate composition at the air-water interface. Also shown
is the variation of the CH2 asymmetric stretching peak position.
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bilayer transition, fp reaches a value of -0.50. This can be explained both by the
enhanced stabiHty of the monolayer prior to the monolayer-bilayer transition, indicated by
the greater rise in the surface pressure before the plateau, and the liquid-like chaiacter of
the long side groups. For the polyCy-methyl-L-glutamate) sample, the transition from an
expanded monolayer to a condensed monolayer may be too sharp to allow the helices to
align further before the monolayer-bilayer transition. For the poly(y-methyl-L-glutamate-
co-y-n-octadecyl-L-glutamate) sample of 20% y-n-octadecyl-L-glutamate composition, the
transition from an expanded to a condensed monolayer is less steep and abrupt. This in
conjunction with the liquid-like skin on the surface of the helices provides the rigid-rod
backbones with a greater opportunity and ability to align parallel to the compression
barriers prior to the monolayer-bilayer transition. Related to the effect liquid-like side
groups have on the ordering of these monolayer films is the fact that in the bulk, fully
long side chain substituted polyglutamates have been found to form a cholesteric liquid
crystal phase above the melting point of the side chains.
Upon further compression, the alignment of the rigid-rod backbones continues to
increase until midway through the first plateau region. At this point the degree of
alignment of the rigid-rod backbones reaches a high value of roughly fp = 0.82 and
remains relatively constant upon further compression. This degree of alignment of the
multilayer film is comparable to the highest degree of alignment found for the po\y(y-
methyl-L-glutamate) sample and can be explained similarly.
A plot of the alignment of the rigid-rod backbones for the "hairy-rod"
polyglutamate with the highest degree of side group substitution is shown in Figure 2.46,
As was discussed previously for this sample of 50% y-fi-octadecyl-L-glutamate
composition, the liquid-like character of the side groups varies greatly as a function of
surface area. Beginning first at expanded areas, it can be seen that the rigid-rod
backbones are unoriented with fp = 0. At surface areas corresponding to the initial
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Figure 2.46 Plot of orientation function versus compression for a sample of 50% y-n-
octadecyl-L-glutamate composition at the air-water interface. Also shown
is the variation of the CH2 asymmetric stretching peak position.
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perpendicular to the compression axis. The degree of alignment is small with f ~ 0.20.
At this point the long side groups, although ordering slightly, may be characterized as
liquid-like at the air-water interface. However, upon further compression of the
monolayer just prior to the monolayer-bilayer transition indicated by the beginning of the
inflection point in the isotherm, the side groups order to a state which is no longer liquid-
like. The CH2 asymmetric stretch peak reaches a position of 2922.7 cm"'. The alignment
of the rigid-rod backbones in this condensed monolayer state with fp = 0.33 is less than it
was for the condensed monolayer of the 20% y-n-octadecyl-L-glutamate sample where fp
= 0.50. Thus, although the transition from an expanded to a condensed monolayer state
is gradual like the 20% y-n-octadecyl-L-glutamate sample, the degree of alignment of the
rigid-rod backbones is decreased. This can be attributed to the gradual ordering of the
long side groups during compression of the monolayer. The liquid-like matrix initially
formed becomes less so as both the flexibility of the side groups decreases and side
groups from adjacent helices begin to order with one another. Such an ordering of side
groups between adjacent helices can perhaps be viewed as decreasing the overall mobility
associated with individual helices at the air-water interface during compression.
Upon further compression during which a multilayer film forms, the rigid-rod
backbones continue to orient in a manner much like the previous samples reaching a final
orientation of fp = 0.80. Here both the orientation of the rigid-rods and the ordering of
the side groups appear to level off. As was discussed previously, at this surface area the
side groups are in a predominantly all-trans conformation and are very non-liquid-like.
Overall, the three polyglutamates of varying long side group composition studied
illustrate the effect that long side groups can play in controlling the ordering behavior of
rigid-rods at an air-water interface. Moreover, the ability of the rigid-rod monolayers to
order during compression may also be indicative of their transferability onto solid
substrates. As was discussed previously, the Langmuir-Blodgett transfer process may
introduce at flow field at the water surface. This may make the fluid dynamics of
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Langmuir films an important factor in affecting their transfer onto solid substrates. 1 1 That
the rigid-rod backbones of the copolyglutamate of 20% Y-n-octadecyl-L-glutamate
composition reach an orientation of fp = 0.50 during compression before the monolayer-
bilayer transition is indicative of the fluid-like skin on the surfaces of individual rigid-rods
and the enhanced mobility of the helices at the water surface. Given this result, it is likely
that for such films, transferability onto solid substrates is enhanced. Transfer studies of a
copolyglutamate of -30% y-^-octadecyl-L-glutamate composition have indeed indicated
that the transferability of such a film is quite good producing films in which the rigid-rods
backbones have a preferential alignment parallel to the dipping direction of the solid
transfer substrate.^-l l At this composition, the long side groups at surface areas
corresponding with a condensed monolayer state are probably still liquid-like. The shape
of the isotherm for a sample of -30% y-n-octadecyl-L-glutamate composition is similar to
the isotherm for the -20% y-n-octadecyl-L-glutamate composition sample. For films with
either a less fluid-like matrix for the rigid-rods or none at all (e.g. 50% y-n-octadecyl-L-
glutamate composition sample and poly(y-methyl-L-glutamate)), transferability onto solid
substrates and alignment of the rigid-rods parallel to the dipping direction may not be as
favorable. Transfer of samples of either very high or very low y-n-octadecyl-L-glutamate
composition has been found to be more difficult. It should also be pointed out that with
the preferential alignment of the rigid-rod backbones perpendicular to the compression
axis it is possible that the transferability of such films at the air-water interface may vary
depending on the orientation of the flat transfer substrate relative to the compression
barriers during deposition.
2.5 Polyisocvanates
The second type of "hairy-rod" polymer studied at the air-water interface using
external reflection infrared spectroscopy was the random copolyisocyanate, poly(n-butyl
isocyanate-co-n-octadecyl isocyanate) of 40% n-octadecylisocyanate composition shown
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in Figure 2.47. Polyisocyanates, which are not water soluble, are similar to the previous
polyglutamates in that these are also polymers that are helical and stiff.23-25,29
stiffness of the polymer backbone is due to the partial double-bond character of the
backbone amide bonds. The helical conformation of polyisocyanates can be attributed to
steric hindrances which prevent the amide bonds from staying planar. In addition, these
rigid helices also tend to be very long. This is caused by the fact that reversal of the
helical sense (i.e. helices may be left or right handed since the molecule is not chiral)
requires that at least one monomer unit obtain a reversal conformation. However,
because of the much higher energy associated with reversal conformations versus the
helical conformation, reversal of the helical sense for molecules is not common.
Subsequently, poly(n-alkyl isocyanates) have been found to form both lyotropic and
thermotropic liquid crystal phases. 23.24
2.5.1 Materials
The synthesis of the polymer and the catalyst were made by Georg Maxein of the
Johannes Gutenberg University of Mainz.
The catalyst cyclopentadienyl-dimethylamido-titanium-dichloride
(CpTiCl2N(CH3)2) was made in the following manner.^^ First, in a synproportionation
reaction tetanocen dichloride (Cp2TiCl2) and titanium tetrachloride (TiCl4) were converted
into 2 equivalents of cyclopentadienyl titanium trichloride (CpTiCl3). This was then later
reacted with (N,N-dimethyl-trimethylsilyl)-amine (CH3)3SiN(CH3)2 at room temperature
to yield the final desired product.
The general procedure for the random copolymerization of «-butyl isocyanate
(Aldrich) and n-octadecyl isocyanate (95%) (Pfaltz & Bauer, United States) was carried
out in the following manner.^' In a dry box, a volumetric "stock" solution of the catalyst,
typically 0.01 mmol per 50 \i\ toluene was prepared. All monomers were stirred for
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degassed monomer feed in a 4 ml screw cap vial together with a magnetic stir bar, a
measured amount of the stock solution, depending on the monomer to initiator ratio, was
added via syringe. The vial was closed and stirred in the drybox for 2-4 days, depending
on the planned molecular weight, at room temperature.
All workup steps were then performed in the dark or under filtered light (yellow).
After the polymerization was complete, the solid orange mass was dissolved in 15 ml of a
5% solution of methanol in chloroform. This solution was then poured into 200 ml of
cold methanol after which a white solid precipitated. The polymer was isolated by
filtration and washed with cold methanol. After reprecipitation from chloroform in
methanol, the volatile materials were placed under vacuum. The total range of yields was
between 80-90%. M„ and were then determined by gel permeation chromatography to
be 1.515 X lO"* g/mol and 1.577 x 10" g/mol, respectively, with M,/M^ =1.041.
Attempts were also made to polymerize random copolymers of methylisocyanate
and n-octadecylisocyanate. This, however, was met with limited success due to the large
discrepancy in the reactivities of the two monomers which made producing random
copolymers difficult. Additionally, it was also found that these polymers were difficult to
solubilize in solvents suitable for spreading at an air-water interface.
2.5.2 Results and Discussion
The surface pressure area isotherm of the "hairy-rod" polyisocyanate is shown in
Figure 2.48. In general, the shape of the curve is similar to the isotherm of poly(Y-
methyl-L-glutamate) and can be interpreted in a like manner. The rise in the surface
pressure beginning at -24 Alchemical repeat corresponds with the formation of a
condensed monolayer. This is then followed by a plateau region during which helices
from the monolayer are forced from the air-water surface to form a second layer,
specifically a bilayer. The plateau region in the surface pressure/area isotherm is relatively
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Figure 2.48 Surface pressure/area isotherm for the "hairy-rod" polyisocyanate.
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surface pressure begins to rise steeply again at an area of ~ 1 3.5 Alchemical repeal. As
was for the the poly(Y-methyl-L-glutamatc) film, the onset of this rise occurs at a surface
area close to half that at which the first rise occurs.
However, the largest and most obvious difference in the isotherm of this "hairy-
rod" polyisocyanate versus the polyglulamates is the much smaller rise in the surface
pressure prior to the monolayer-bilayer transition. As was discussed previously, the
height of this rise is indicative of the stability of the monolayer at the air-water interface.
Whereas the rise for the polyisocyanate is ~4 mNm"', the rise for the poIy(Y-mcthyl-L-
glutamate) is -22 mNm '. A^-alkyl side chain substitution between 20-50% side chain
composition further increases the stability of "hairy-rod" polyglutamates. The large
difference in the stability the polyisocyanate versus the polyglulamates can be explained
by the more strongly hydrophobic character of the polyisocyanate. The backbones of the
polyglutamates with their more .strongly hydrophilic amide backbone groups and the ester
groups in the side chains provide these rigid-rods with a greater affinity for the air-water
surface. The polyi.socyanate .studied here has a sufficient affinity for the air-water
interface to allow the molecules to form a monolayer at the air-water interface. However,
the affinity is much less than it is for the polyglutamate. Since the helical backbone of the
polyisocyanate is more hydrophilic than the n-alkyl side groups, attempts were made to
expose more of the helix to the air-water surface by synthesizing a random copolymer of
poly(methyl isocyanate-co-w-octadecyl isocyanate). It was felt that the decreased density
of «-alkyl side groups for such a sample would allow the long side groups to better orient
away from the interface. Such an orientation of the side groups would further enhance
the interaction of the polymer backbone with the air-water surface. These attempts,
however, were largely unsuccessful as was discussed previously.
A plot of the full range external rellection infrared spectrum of the poly(n-butyl
isocyanate-6(y-n-octadecyl isocyanate) of 40% n-octadecylisocyanate composition film at
an air-water interface is shown in Figure 2.49. Examining the spectrum, bands
1 16
Figure 2.49 Full range spectrum of the "hairy-rod" polyisocyanate at the air-water
interface.
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associated with the CH2 stretching mode can be clearly observed in the 2900 cm ' region.
The band at 1695 cm
'
associated with the C=0 stretching mode is also readily
identifiable. As the film was compressed, none of the bands below 1700 cm"' were
observed to change in either relative intensity or position. This indicates that in contrast to
the polyglutamates, there may not be any type of preferential alignment of the rigid-rod
backbones during compression at the air-water interface.
This was not the case with the CH2 asymmetric stretching band associated with
the n-alkyl side chains. The CH2 asymmetric stretching band is shown as a function of
compression in Figure 2.50. Here it can be clearly observed that the position of the CHj
asymmetric stretching band shifts, in a manner similar to the 50% y-n-octadecyl-L-
glutamate sample, to lower position as the film is compressed. The total shift is large and
can be characterized as one where the side chains vary from being liquid-like to non-
liquid-like. A plot of the CH2 asymmetric stretching peak position is shown in Figure
2.5 1. Initially, at large surface areas where the monolayer is expanded, the side chains
can be characterized as liquid-like with a peak position of -2925.1 cm"'. However, unlike
the 50% y-n-octadecyl-L-glutamate sample, the liquid-like character of the side chains
remains upon the formation of a condensed monolayer. This behavior is illustrative of the
difference in the stability of the polyisocyanate monolayer versus polyglutamate
monolayers. Given that the polyisocyanate is highly side chain substituted with 20% of
the backbone atoms having a n-octadecyl group, this "hairy-rod" polymer can be likened
to the polyglutamate of 50% y-n-octadecyl-L-glutamate composition (i.e. 16.7% of the
polyglutamate backbone atoms have a n-octadecyl side group) in terms of overall n-alkyl
side chain content. For the polyglutamate, the stability of the film at the air-water
interface allows the monolayer to be compressed sufficiently such that the long side
chains from adjacent helices intermingle and order. In contrast, for the polyisocyanate
film, the monolayer collapses to a bilayer before the long side chains of adjacent helices in
the monolayer state can be compressed close enough to order.
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Figure 2.50 Overlay of CHj asymmetric stretching band with compression at the air-
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Figure 2.5 1 Plot of CH, asymmetric stretch peak position versus compression at tlie
air-water interface.
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Upon the formation of a bilaycr and subsequently a strueture more closely
resembling one in the bulk, the side chains finally do begin ordering. This ordering of the
long side groups continues throughout the plateau region and the final rise in the surface
pressure. At a surface area of 10 Alchemical repeat the CH2 asymmetric stretching peak
position reaches a value of 2921 .8 cm '. This is close to the CH2 asymmetric stretching
peak position measured for a bulk film cast by standard transmission infrared
spectroscopy. The peak position for such a film was 2921.3 cm '.
The instability of polyisocyanate monolayers has subsequently presented
difficulties in the transfer of these films onto solid substrates. Specifically, in studies on
polyisocyanates with azo-dye and /7-alkyl side groups, it was found that although the
polymers form monolayers at an air-water interface, they arc not stable enough to be
deposited by the Langmuir-Blodgetl technique. ^'^ The surface pressure/area isotherms of
these molecules were similar in shape to the n-alkyl side group polyisocyanates studied
here. In particular, the rises in the surface pressure prior to the monolayer-bilayer
transition for these molecules were small, typically on the order of 5 mNm ". In a
different study on a series of polyisocyanides, also rigid helical polymers with similarly
hydrophobic backbones, however, it was found that with the addition of hydrophilic ester
groups in the side chains, film stability increased making the monolayers transferable.^"
The addition of hydrophilic groups could therefore increase the applicability of "hairy-
rod" polyisocyanates.
2.6 Conclusions
Overall, it was observed by external refection infrared spectroscopy that the
structure of "hairy-rod" polymer films at the air-water interface varies depending on the
state of the long side groups attached to the rigid backbone. Specifically, Ibr the series of
copolyglutamatcs studied, it was found that the liquid-like character of long n-octadecyl
side groups at an air-water interface affects the ordering and subsequent alignment
of the
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rigid-rod backbones. It is also very likely that this liquid-like character of the side groups
at the air-water interface plays an important role in determining the transferability of these
"hairy-rod" films. Both main chain spectra as well as side chain spectra were readily
obtained and analyzed along the surface pressure/area isotherm in these studies.
On comparing the results of "hairy-rod" polyglutamates with a "hairy-rod"
polyisocyanate, it was also demonstrated that the overall stability of a monolayer at an air-
water interface also effects the structure of the monolayer as well as the onset of the
monolayer-bilayer transition. The stability of the monolayers also affects transferability.
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CHAPTER 3
OBSERVATION OF A LONGITUDINAL ACOUSTIC MODE IN
POLY(P-HYDROXYBUTYRATE)
3.1 Introduction
In the previous studies on "hairy-rod" polymers at an air-water interface,
vibrational spectroscopy was used as a direct probe of the short range conformational
order of long n-alkyl side groups. The subsequent characterization of the liquid-like
quality of these side groups was than related to the ordering behavior of the rigid-rod
main chains. In general, it was found that the liquid-like quality of the side groups, or in
other words their short range conformational order, was important in controlling the
overall ordering of monolayers of these "hairy-rod" polymers. In this chapter, however,
it will be shown that vibrational spectroscopy is also a technique that can probe long range
conformational order.
Since they were first discovered in 1949,' longitudinal acoustic modes (LAM)
have been well established for a number of semicrystalline polymers. Polymers found to
exhibit this mode include poly(tetrafluoroethylene),2 isotactic polypropylene,^''*
polyoxymethylene,^ and poly(ethylene oxide)^'^ as well as some linear aliphatic
polyesters.''-^ For polyethylene and n-alkanes, in particular, the frequency of this
Raman mode has been found experimentally to be well described by the relation
= (m/2cL)(E/p)"' (3.1)
where m is the integer order of the mode, c is the speed of light, L is the length of the
vibrating chain or chain segment, E is the elastic modulus of a single chain, and p is the
single chain density. '-'O-' ' Only modes of odd m are Raman active. This vibration has
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often been described as an accordion-like motion where for the simplest case of a planar
zig-zag structure of m = 1
,
there is a node of zero atomic displacement in the center of the
vibrating chain. This is shown schematically in Figure 3.1. As opposed to the CH^
stretching mode discussed in the infrared spectra of "hairy-rod" films at an air-water
interface in Chapter 2, longitudinal acoustic modes comprise the entire length of the
vibrating ordered chain segment and as such are sensitive to the length of the vibrating
chain segment. The CH2 stretching mode is a much more localized vibration.
The chain length versus frequency dependence given by the above relation
provides the potential for a unique morphological tool by which it may be possible to
probe conformationally ordered chain segment lengths. For semicrystalline polymers
exhibiting chain folded lamella, longitudinal acoustic modes are a means of measuring the
crystalline fold segment length distribution and subsequently the crystalline core
thickness. This is different than the information provided by small angle x-ray scattering.
With x-ray, scattering is based on the long range periodicity between crystalline lamella.
X-ray long spacings are therefore a measure of this periodicity and do not provide direct
information on neither the crystalline fold segment length distribution nor the crystalline
core thickness for semicrystalline polymers. Attempts to make such determinations with
x-ray are model dependent. In addition, since x-ray is dependent on the periodicity
between lamella, x-ray is unsuitable for determining ordered chain segment lengths for
systems which do not exhibit such a periodicity. One such example is with ultraoriented
polymers, polyethylene in particular, where oftentimes lamella unfold upon forming a
structure composed of long ordered chain segments. '2 In contrast, with longitudinal
acoustic modes, being sensitive explicitly to individual ordered chain segments, such
measurements are possible. For these reasons, this Raman technique has been of interest
for studying diverse areas in polymer morphology such as the melting of lamellae,
interlamellar interactions, polymorphism, drawing behavior, conformational defects,









Figure 3.1 Schematic of atomic displacements for a longitudinal acoustic mode in a
chain segment with an all-trans structure. At top is the structure of a non-
vibrating segment, k =1 corresponds with a LAM-1 vibration with a node
in the center of the segment of zero atomic displacement, k = 3
corresponds with a LAM-3 vibration where there are three such nodes.
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We repoil here the observation of a LAM in a thermoplastic biodegradahle
polyester, poly([i-hydroxybutyrale) (PHB).'
' lis chemical structure is shown in Pigure
3.2. First isolated in 1925, I>1 IH is an optically active polymer produced by a bacterial
lernientation process. '4 The polymer is produced as an energy reserve material by a
variety of bacteria. '"^ It is presently made conunercially by Imperial Chemical Industries
(ICI) under the trade name Biopol. As previously reported, IMlli, due to its exceptional
purity and chemical regularity, is a model material lor fundamental studies of polynier
crystallization and nucleation.'^' Morphological aspects can be complex, however.
Studies have suggested the presence of a strain induced P-form of IM IB in which the
chains are in a highly extended state. It has been reported that at the spread at the air-
water interface, PUB changes with increasing surface pressure from an expanded
monolayer form to a cry.stalline monolayer and subsequently to a crystalline bilayer in the
helical form.'*' Others suggest that the chains crystallize in the p Corm at the air-water
interface. The observation of a LAM in PUB provides an additional morphological tool
by which these aspects of polymer structure may be further studied.
The identification of a LAM in PIIB is also intriguing from a spectroscopic point
of view. In oi tler to develop LAMs as a more widely used method for characterizing
polymer morphology, numerous attempts have been made lo observe LAM-like vibrations
in other non-polyethylene like polymers. In studies along these lines, simple linear
aliphatic chains were modified by the placement of well s|)aced ester groups along the
polymer backbone. A LAM like vibration was observed.'"^ Attempts, however, with
structures deviating significantly from that of polyethylene have not resulted in much
success. I'olymers such as well-defined model polypeptides are notable failures.2'-23
Successful observation of LAMs has mainly been confined lo polymers pos.sessing fairly
sirnple chain conformations and chemical units. PI IB differs, in its chenustry and in its
equilibrium conformation, significantly from other i)olyiners in which a LAM has




Figure 3.2 Chemical structure of poly(P-hydroxybutyrate).
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PUB provides an opportunity to study the origin of a LAM in a structurally more
complicated polymer than those in which a LAM has been reported in earlier studies. As
such, it should assist in the isolation of the factors that dominate the appearance or
nonappearance of a LAM in specific polymer chains, leading to a better understanding of
LAMs in non-polyethylene-like structures.
3.2 Experimental
Poly(P-hydroxybutyrate) of M„ = 133 000 and propylene carbonate were obtained
from Aldrich Co. Single crystals of poly((3-hydroxybutyrate) or PHB were grown over a
range of crystallization temperatures from dilute (0.04% (w/v)) propylene carbonate
solution by using a self-seeding technique.24 Samples were first dissolved at 155 "C and
quenched to 45 °C where they were kept for 24 hours. Crystal seeds were then obtained
by heating the solution slowly (-20 °C/hour) until the solution cleared. With the seeded
solution, highly crystalline samples were grown at specific crystallization temperatures for
-48 hours. The solutions were then filtered, forming oriented single crystal mats. The
mats were subsequently rinsed with hot propylene carbonate to remove any residual non-
crystallized material. This was followed by a final rinsing with methanol to ensure the
removal of all propylene carbonate.
Raman spectra were obtained with a Jobin-Yvon U-1000 laser-Raman
spectrometer excited using the 5 145 A line of a Spectra Physics 165-08 Ar ion laser.
Bandpass was maintained at 2 cm"' at 5000 A. Laser power at the sample was maintained
at 75 mW. Due to residual fluorescence in some samples, a higher laser power may have
altered the as-prepared samples and was not used for this reason. The scattered intensity
at each frequency was collected for 13-17 seconds to accumulate sufficient counts to
provide an acceptable signal to noise ratio. The scattered intensity collected at the peak for
a given LAM spectra was roughly 1000 counts per second. Rayleigh scattering near the
excitation frequency was removed using a fitting routine in the data analysis package LAB
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CALC provided by Galactic Industries Corp. The spectra were also corrected for
temperature and frequency effects .25.26
Small-angle x-ray diffraction of the long spacings of the single crystal mats were
obtained with a Rigaku Dcnki instrument with a camera distance of 230 mm and pin hole
coUimation. The crystal mats were oriented in the plane of the x-ray beam. The long
spacings were measured without further correction.
3.3 Results and Discussion: LAM in Polv(p-hvdroxvhutvrate)
Indicating sample uniformity, second order reflections in the x-ray patterns
corresponding to lamella long spacings were detected for all single crystal mats. A typical
small-angle x-ray scattering pattern is shown in Figure 3.3. X-ray studies of PHB
indicate that PHB packs in an orthorhombic unit cell in a left-handed 2\ helix with a fiber
repeat of 5.96 A.'*^ Previous small- and wide-angle x-ray studies on PHB single crystals
indicate the presence of little or no chain tilt; the chains are essentially perpendicular to the
lamellar surface thus making any correction for chain inclination unnecessary. 'f' The long
spacings measured arc listed in Table 3.1.
The low frequency Raman spectra of the PHB single crystals crystallized at
temperatures ranging from 25 to 87° C are shown in Figure 3.4. The as-obtained spectra
show a low-frequency band present at 15 cm"' for all samples. The band moves to lower
frequencies as the crystallization temperature is increased. This corresponds with longer
lamella fold lengths, as indicated by the small-angle x-ray measurements. When the
Raman data are corrected by subtraction of the Rayleigh background and then for the
effect of temperature, the band near 15 cm ' has a half-width that is about 5 cm ' or less.
The frequency and for the most part the half-width of the band both decrease with
increasing crystallization temperature, as summarized in Table 3.1 . A second band is
apparent near 9 cm ' in some samples. Given the relative intensity of the two low-
frequency Raman bands and the fact that only one lamella fold length distribution is
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Figure 3.3 Small-angle x-ray scattering pattern of poly(p-hydroxybutyrate) single
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Figure 3.4 As obtained low frequency Raman spectra of PHB single crystal mats
crystallized at temperatures ranging from 25°C to 87°C.
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indicated by the small-angle x-ray measurements, it is unlikely that the second band is
caused be a second distinct lamella fold length distribution. However, due to substantial
overlap with the Rayleigh line, it was not possible to isolate this low-frequency band
during subtraction of the background.
The strongest evidence that the band near 15 cm ' is due to a LAM associated with
the crystalline lamellae it the linear dependence of the band frequency on the reciprocal
lamellar thickness, as given by equation 3. 1 . A plot of the peak frequency of the band
near 15 cm"' from the temperature and frequency corrected spectrum against the inverse
long spacing measured by SAXS is shown in Figure 3.5. In this plot, the data are fitted
by least squares to a straight line which essentially intercepts the origin. Failure of such a
line to pass through the origin has been interpreted in other LAM studies as indicating the
following: (1) presence of an amorphous or loosely folded layer of material at the lamellar
surface thus affecting the measured x-ray long spacing,^''! or (2) anharmonic effects
resulting from the significant chain-end amplitude associated with the LAM-1 vibration.27
LAMs originates from the ordered chain segments in the crystalline core and may be
perturbed by the presence of an amorphous layer. That the line does essentially pass
through zero for PHB may indicate that the long spacings measured by x-ray correspond
closely with the thickness of the crystalline lamella core. This is consistent with earlier
observations by Barham et al. in which they suggested that given the thickness and
observed values of crystallinity for PHB single crystals, the fold structure cannot consist
of much looseness. The range of lamellar thicknesses indicated in Table 3. 1 allow only
6-1 1 repeat units/fold stem in PHB single crystals.
Additionally, the intensity of the vibration centered around 15 cm ' is high as is
characteristic of LAM bands. The peak height of the low-frequency vibration found in the
PHB samples is roughly twice that for the CH2 bending motion in the 1400 cm ' region.
The V vs 1/L dependence and the relative intensity of the low-frequency mode found in
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Figure 3.5 Plot of temperature/frequency corrected Raman frequency centered around
15 cm versus L where L is the measured small-angle x-ray long
spacing.
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earlier studies dealing with polyethylene-like chains, the strong intensity has been
attributed to the large change in the polarizability associated with the long-chain motion of
this mode and the Boltzman factor associated with low frequency vibrations. 10.28,29 The
change in the polarizability of this mode for PHB has yet to be determined and may in fact
be quite small. Therefore, the strong intensity observed may simply be due to
frequency/temperature effects.28
Using the relation given in equation 3.1, the single chain elastic modulus within a
crystalline lamella for PHB was calculated from the slope of the line fitted to the plot of v
vs 1/L in Figure 3.5. Given the crystal density of PHB to be 1.25 g/cm\i8 the single
chain elastic modulus was calculated to be 29.6 GPa, a value consistent with that expected
for a helix. For example, for isotactic polypropylene the measured value and value
calculated by using torsional force constants from a valence force field are 41 and 33
GPa, respectively.4.30
LAM in the simplest case for all-trans n-alkanes is a symmetric accordion-like
longitudinal vibration. '''^'^i Success in finding LAM in polymers with non-
polyethylene-like structures has been very scarce. This can be understood from the fact
that force as well as mass perturbations along the chain may lead to coupling of transverse
and longitudinal motions. This effect has been shown for a series of linear aliphatic
polyesters, mentioned previously, in which well-spaced ester groups act as unbalanced
mass units which lead to the presence of several LAM-like modes, each with differing
amounts of transverse and longitudinal character.^ This may provide an explanation for
the presence of the second unassigned low-frequency band centered around 9 cm ' found
for PHB. With increased structural complexity, these effects may become more
significant, leading eventually to the total disruption of any longitudinal acoustic mode.
The effect of "perturbing" influences within chains, such as methyl side-group placement
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on n-alkanes,32 double bond placement in fran5-alkenes33 and hydrogen bonds,34 has
been studied and shown to affect this mode to varying degrees in both intensity and
frequency.
Interestingly, however, PHB, even with a large number of such perturbing
groups comprising a mix of both closely spaced methyl units and ester groups as well as
possibly an intermolecular effect between ester groups, clearly exhibits a LAM.
Furthermore, in contrast to the series of linear aliphatic polyesters mentioned previously,
PHB, which forms a 2, helix in the crystalline state, is conformationally more complex. 18
The ester groups for the linear aliphatic polyesters were sufficiently well-spaced such that
in the crystalline state the chains essentially formed a planar zigzag.^ Previous nornial
coordinate analysis of crystalline poly(ethylene oxide) has shown that, as opposed to all-
trans polyethylene chains, LAMs in helical chains have a significant interchain effect due
to the large radial component present in the atomic displacement of LAM for such
polymers.6 Compared with polymers such as isotactic polypropylene,
poly(oxymethylene), poly(ethylene oxide), and poly(tetrafluoroethylene) in which LAMs
have been observed, PHB is clearly the most unlike polyethylene. Nevertheless, the
LAM observed in PHB follows a v 1/L dependence quite closely, as evidenced by the
straight line fit to the Raman and x-ray data in Figure 3.5.
3.4 Annealing of Polv(p-hvdroxvbutvrate) Single Crystals
Previous x-ray studies on the annealing behavior of PHB single crystals have
indicated that chain refolding is characterized as a function of increasing annealing
temperature by a step doubling of the initial fold spacing followed by a hyperbolic
increase in the fold period.35 This is shown in Figure 3.6. In an attempt to study this
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Figure 3.6 Plot of x-ray long spacings of poly(p-hydroxybutyrate) single crystal mats
against annealing temperature, T^.^^
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section was used to follow the annealing behavior of PHB single crystal mats. The single
crystal mats studied were solution crystallized at a crystallization temperature of 60° C and
had unannealed long spacings of 49.4 A.
The spectra for four of these annealed mats is shown in Figure 3.7. In the first
three spectra, the LAM mode is centered at roughly 17 cm '. A second unassigned band
at ~8 cm ', discussed previously, is also present. The four spectra correspond with the
following: (1) unannealed, (2) annealed at 122° C for 21 hours, (3) annealed at 140° C
for 5 hours, and (4) annealed at 155° C for 6 hours. The melting temperature of PHB is
~ 1 80° C. From the first two spectra, it can be seen that at an annealing temperature of
122° C, the folding of the single crystal mat remains unchanged. Upon increasing the
annealing temperature to 140° C the LAM band also remains largely the same. There may
be a slight indication of a broadening of the band to lower frequency, but given the
Rayleigh background this is difficult to analyze. Finally, at an annealing temperature of
155° C, the LAM band does shift to lower frequency. In this spectra, the band is
probably the small hump imposed on the Rayleigh background at roughly 8 cm"'. Again,
a quantitative analysis of the band is difficult due to the Rayleigh background. The
corresponding small-angle x-ray pattern, however, does indicate that the lamella fold
period doubles and is shown in Figure 3.8. It should be noted that as opposed to the x-
ray scattering pattern of the as-crystallized mat, the pattern does not exhibit a second order
reflection. The reflection corresponding to the long spacing is also less sharp. This
implies that there is a decrease in the overall uniformity of the lamella following doubling.
A number of other polymers have also been found to exhibit discrete quantized
increases in the fold period on annealing.36-38 jr, ^ost cases, these polymers have strong
intermolecular interactions between the individual fold stems. One such example is with
some polyamides where it has been found that the fold length increases by factors of
tvvo.36.38 This has been attributed to the interaction of amide groups from adjacent
individual fold stems. In contrast, for polyethylene the lamella thickness increases
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Figure 3.7 Raman spectra of IM IB single crystal mat (crystalli/alioii temperature = 60"
C) auiiealed at various temperatures. Annealing times were in the range of
several hours.
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Figure 3.8 Small-angle x-ray scattering pattern of poly(P-hydroxybutyrate) single
crystal mat after annealing at 155° C. The x-ray beam is incident in the
plane of the mat.
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continuously on annealing. The annealing behavior of PUB, will, both a discontinuous
doubling and a region of continuous thickening, can be regarded as having a combination
of both behaviors.
A simple model for chain refolding suggested by Keller can perhaps be used to
explain PI IB's observed annealing behavior.".^" A schematic representation of the
model is shown in Figure 3.9. Part a, shows the initial unaiuiealed state of a single
lamella. In this idealized two-dimensional model, it is assumetl that chain refolding
occurs by the consumption of individual folds (fold 2) by neighbor folds (folds 1 and 3).
This is shown in part b where for the sake of simplicity \'ok\ 2 is consumed equally by
both fold I and 3 and can be visualized by making 2 recede. At this point the ga|) formed
between 1 and 3 gives rise to a "fold" dislocation (part c) and in effect corresponds to an
edge dislocation in a two-dimensional lattice. On continued refolding, the "fold"
dislocation climbs until it leaves the space between I and 3 (part d). Part e then represents
the stage where both the dislocation energy is regained and a single fold has doubled in
length.
Using this model, it is the energy associated with the formation of such a "fold"
dislocation which determines whether or not a given sample will refold in a continuous
manner or in discrete steps. As an example, for a system in which the energy for the
formation of a dislocation is large relative to the climb, intermediate stages between the
initial formation of a dislocation and the doubled state would (|uickly pass through. In
this case, a fold doubling would be observed. For a case where the energy associated
with the formation of a dislocation is comparable to that recjuired for the climb,
intermediate stages would be observed during chain annealing. The initial doubling of the
fold length for PI IB may be explained in this manner. The intermolecular interaction
between ester groups from adjacent fold stems may make intermediate fold stages rare
relative to the doubled fold length state.
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Figure 3.9 Schematic representation of various stages of the fold length increasing to
a doubled fold length.
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The continuous increase of the fold length observed for PHB after the initial
doubling may also be explained by this model. Following the doubling of the fold length,
it is possible that folds from adjacent lamella may interpenetrate (part 0- Interpenetration
of the lamella would then allow the folds to increase continuously without the formation
of "fold" dislocations.
3.5 Conclusions
In summary, a longitudinal acoustic mode is observed for the first time in the
biodegradable polymer, poly(p-hydroxybutyrate). A clear inverse relationship between
the long period measured by small-angle x-ray scattering and the band frequency was
found. This observation is especially interesting for poly(P-hydroxybutyrate) since its
chemical structure is significantly different from all other polymers known to have
longitudinal acoustic modes. Using this band, the annealing behavior of poly(P-
hydroxybutyrate) single crystals was also examined.
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